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Summary 

Type  1  diabetes  results  from  the  destruction  of  insulin  producing  beta  cells  by  the  immune  system. 
Several  immunization  methods  based  on  autoantigenic  proteins  or  peptides  have  been  used  to 
prevent  autoimmune  diabetes  in  the  non-obese  diabetic  (NOD)  mouse.  In  the  work  presented  here, 
a  gene-based  approach  was  taken  for  a  similar  purpose.  Intramuscular  injection  of  “naked”  plasmid 
DNA  was  used  to  determine  the  efficacy  of  genes  encoding  different  versions  of  a  beta  cell- 
associated  autoantigen  for  prevention  of  cyclophosphamide-accelerated  diabetes  in  female  NOD 
mice.  Four- week  old  animals  received  injections  of  DNA  encoding  either  intracellular  or  secreted 
human  glutamic  acid  decarboxylase  (GAD),  an  enzyme  found  in  beta  cells  and  whose  recognition 
by  the  immune  system  is  thought  to  be  necessary  for  disease  onset.  Monitoring  of  glycosuria  and 
hyperglycemia  showed  that  DNA  encoding  intracellular  GAD  did  not  suppress  diabetes,  but  that, 
in  contrast,  DNA  encoding  secreted  GAD  could  prevent  its  onset.  Analysis  of  IgGl  antibody  levels 
from  animal  sera  suggested  that  disease  prevention  was  associated  with  increased  T  helper  2  cell 
activity.  These  results  indicate  that  plasmid  DNA  encoding  secreted  GAD  can  be  used  effectively 
as  part  of  a  genetic  vaccine  protocol  for  prevention  of  autoimmune  diabetes  in  NOD  mice. 
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Type  1  diabetes  is  a  complex  autoimmune  disease  caused  by  multiple  genetic  and  environmental 
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factors.  Diabetes  onset  is  believed  to  begin  with  antigen  presenting  cells  display  of  autoantigen(s) 
synthesized  by  insulin-secreting  beta  cells  in  the  pancreas,  which  results  in  destructive  insulitis 
specifically  targeted  to  beta  cells.  Insulitis  is  promoted  by  T  helper  type  1  (Thl)  lymphocytes,  and 
leads  to  apoptotic  cell  death  of  beta  cells  mediated  by  CD8+  cytotoxic  T  lymphocytes  and 
macrophages  (Yoon  and  Jim  1999). 

The  non  obese  diabetic  (NOD)  mouse  is  an  animal  model  system  that  is  often  used  to  study 
Type  1  diabetes,  because  it  develops  a  form  of  the  disease  with  an  etiology  remarkably  similar  to 
Type  1  diabetes  in  humans,  with  important  common  susceptibility  factors  such  as  loci  in  the  major 
histocompatibility  complex  (Wicker  1995).  Studies  of  humans  and  NOD  mice  have  indicated  that 
two  proteins  synthesized  in  the  pancreas  play  determining  roles  as  autoantigens  responsible  for 
diabetes  occurrence.  They  are  the  hormone  insulin,  a  secreted  protein,  and  the  enzyme  glutamic  acid 
decarboxylase  (GAD),  an  intracellular  protein  found  either  in  a  soluble  form  (GAD67),  or 
membrane-bound  to  microvesicles  (GAD65)  in  beta  cells.  The  importance  of  the  role  of  these  two 
autoantigens  during  diabetes  onset  in  NOD  mice  is  underlined  by  the  findings  that  most  pathogenic 
CD8+  T  cells  recognize  a  single  insulin  epitope  (Wong  et  al.,  1999),  and  that  mice  with  pancreas- 
specific  reduced  expression  of  gad65/67  genes  do  not  develop  diabetes  (Yoon  et  al.,  1999).  These 
reports  have  confirmed  that  insulin  and  GAD  proteins  are  molecules  of  choice  for  the  development 
of  antigen-specific  immunosuppressive  forms  of  therapy  aimed  at  preventing  and  treating  type  1 
diabetes. 

Delivery  of  insulin  and  GAD  proteins/peptides  into  NOD  mice  through  a  variety  of  routes 
has  been  shown  to  prevent  and/or  delay  diabetes  onset  significantly  (Simone  et  al.,  1999).  Recently, 
plasmid  DNA  encoding  these  two  proteins  was  used  in  genetic  vaccination  protocols  aimed  at 
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preventing  Type  1  diabetes  in  animal  models.  In  one  study,  intramuscular  (i.m.)  injection  of 
plasmid  DNA  encoding  an  intracellular  form  of  the  insulin  B  chain  could  reduce  diabetes  incidence 
after  lymphocytic  choriomeningitis  vims  (LCMV)  infection  of  transgenic  mice  expressing  the 
LCMV  nucleoprotein  in  their  beta  cells  (Coon  et  al.,  1999).  In  another  study,  plasmid  DNA 
encoding  rat  GAD65  or  rat  GAD67  protein  did  not  cause  significant  protection  against  diabetes  onset 
after  i.m.  injection  in  NOD  mice  (Wiest-Ladenburger  et  al.,  1998).  However,  we  reported  that  i.m. 
injection  of  plasmid  DNA  encoding  human  GAD65  or  a  secreted  form  of  the  protein  could  prevent 
insulitis  in  the  pancreas  of  the  same  animal  model  (Liu  et  al.,  1999).  Therefore,  in  the  work 
presented  here,  the  DNA  constructs  used  in  our  previous  study  were  injected  into  NOD  mice  to 
determine  whether  plasmid  encoding  human  GAD65  or  its  secreted  form  could  also  prevent  diabetes. 

Three  groups  of  4- week  old  animals  received  i.m  injections  of  plasmid  DNA  carrying  the 
following  genes:  gad65,  a  cDNA  encoding  human  GAD65  protein;  sgad55,  a  modified  gad65  cDNA 
encoding  a  secreted  truncated  form  of  human  GAD65  (Liu  et  al,  1999);  and  sruc3,  a  modified  cDNA 
encoding  a  secreted  version  of  the  soft  coral  Renilla  reniformis  luciferase  (Liu  and  Escher,  1999). 
All  animals  received  a  second  set  of  injections  five  days  after  the  first  set.  In  addition,  plasmid- 
treated  mice  and  a  group  of  untreated  control  animals  received  cyclophosphamide  (CY)  injections 
at  10  and  12  weeks  of  age  to  accelerate  disease  onset.  Animals  were  killed  when  diagnosed  as 
diabetic,  or  at  the  end  of  the  observation  period  at  18  weeks  of  age. 

Each  of  the  three  plasmid  DNAs  used  for  injection  had  a  different  effect  on  diabetes  onset 
(Fig.l).  Mice  that  received  injections  of  plasmid  carrying  full-length  human  gad65  cDNA  (800 
pg/mouse  total)  did  not  show  decreased  diabetes  when  compared  with  untreated  control  mice.  This 
result  was  similar  to  those  obtained  previously  by  other  investigators  who  injected  plasmid  DNA 
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carrying  rat  gad65  or  gad67  cDNAs  (100  pg/mouse  total)  into  female  NOD  mice  (Wiest- 
Ladenburger  et  al.,  1998).  Another  group  of  mice  received  injections  of  plasmid  carrying  the  sgad55 
gene  construct,  which  encodes  the  human  interleukin-2  signal  peptide  fused  to  human  GAD65 
protein  truncated  at  its  N-terminus.  The  deletion  removes  an  88  amino  acids  region  containing  a 
palmitoylation  sequence  and  a  Golgi  targeting  signal  that  prevents  secretion  of  full-length  GAD65 
protein  (Liu  et  al.,  1999).  This  truncated  GAD65  protein  contains  all  of  the  epitopes  recognized  by 
antibodies  from  patients  suffering  from  Type  1  diabetes  (Richter  et  al.,  1993).  Figure  1  shows  that 
in  contrast  with  gad65,  injection  of  sgad55  could  prevent  diabetes  in  NOD  mice  significantly.  The 
levels  of  protection  attained  after  this  treatment  were  similar  to  those  reported  by  others  with  female 
NOD  mice  receiving  injection  (Tisch  et  al.,  1993;  Petersen  et  al.,1994;  Ramiya  et  al.,  1997),  nasal 
spraying  (Tian  et  al.,  1996),  or  feeding  (Ramiya  et  al.,  1997)of  GAD  proteins/peptides  from  murine 
or  human  origin.  However,  the  protocol  used  in  our  study  included  an  additional  treatment, 
consisting  in  the  injection  of  the  immunosuppressant  CY.  CY  injection  suppresses  activity  of  both 
Thl  and  Th2  lymphocytes,  but  with  a  faster  subsequent  recovery  of  Thl  cells  (Ablamunits  et  al., 
1999).  As  a  result,  CY  injection  causes  acceleration  of  diabetes  in  NOD  mice,  since  Thl  cells 
mediate  autoimmune  diabetes  onset,  and  Th2  cells  suppress  the  activity  of  Thl  cells.  Due  to  its 
effects,  CY  injection  can  be  used  to  test  the  robustness  of  preventative  therapies  for  Type  1  diabetes 
(French  et  al.,  1997,  Nicoletti  et  al.,  1999).  It  is  therefore  possible  that  injection  of  the  sgad55  gene 
construct  in  the  absence  of  CY  could  result  in  even  more  efficient  suppression  of  diabetes  than  was 
observed  here. 

A  third  group  of  mice  received  injections  of  plasmid  DNA  carrying  the  sruc3  gene  construct, 
which  encodes  a  secreted  form  of  the  soft  coral  Renilla  reniformis  luciferase.  This  group  was  used 
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as  a  control  for  the  non-specific  effect  of  a  non-autoantigenic  secreted  protein  on  diabetes  onset. 
Although  injection  of  the  srucS  gene  did  not  prevent  diabetes,  it  could  delay  its  onset  significantly. 
This  is  in  contrast  with  results  from  immunization  studies  that  use  protein/peptide,  where  foreign 
control  antigens  generally  do  not  affect  diabetes  onset.  The  reason  for  the  delay  in  diabetes  onset 
after  sruc3  injection  in  the  NOD  mouse  is  not  known,  but  could  reflect  a  property  particular  to 
genetic  vaccines  encoding  secreted  proteins  when  applied  in  the  context  of  autoimmune  diabetes. 

It  is  known  that  i.m.  injection  of  plasmid  DNA  encoding  a  secreted  antigen  generally  tends 
to  induce  a  humoral  response  against  the  antigen,  and  injection  of  plasmid  encoding  the  membrane 
bound  or  cytosolic  form  of  the  same  antigen  induces  a  cell  mediated  response  (Robinson,  1999).  The 
finding  that  the  plasmid  DNA  encoding  secreted  GAD  could  prevent  diabetes,  but  that  its  membrane- 
bound  form  could  not  would  support  this  view.  Injection  of  plasmid  encoding  secreted  GAD  would 
induce  a  Th2 -mediated  humoral  response  that  would  suppress  the  Thl -mediated  cellular  response 
mounted  against  pancreatic  beta  cells,  while  injection  of  plasmid  encoding  membrane-bound  GAD 
would  induce  a  Thl -mediated  cell  response  which  would  either  exacerbate  or  not  affect  the  disease. 
However,  results  obtained  by  other  investigators  suggest  that  i.m.  injection  of  plasmid  DNA 
encoding  intracellular  antigens  can  induce  a  Th2-mediated  response  that  can  prevent  disease  onset 
in  animal  models  for  autoimmune  diseases.  For  example,  injection  of  plasmid  DNA  encoding  a 
myelin  basic  protein  peptide  or  porcine  insulin  B  chain  can  prevent  respectively  experimental 
autoimmune  encephalomyelitis  in  the  Lewis  rat  (Lobell  et  al.,  1998),  or  hyperglycaemia  in  the  RIP- 
LCMV  transgenic  mouse  (Coon  et  al.,  1999).  Therefore,  there  may  be  some  characteristic  properties 
of  GAD65  that  prevent  its  encoding  gene  from  being  effective  as  a  genetic  vaccine  for  prevention 
of  Type  1  diabetes,  since  neither  injection  of  DNA  encoding  rat  GAD65,  67,  nor  human  GAD65 
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appear  to  prevent  diabetes.  This  conclusion  is  further  supported  by  the  finding  that  NOD  mice 
expressing  full-length  murine  gad.65  cDNA  as  a  transgene  fail  to  develop  tolerance  to  GAD65  and 
show  no  decrease  in  diabetes  (Bridged  et  al.,  1998;  Geng  et  al.,  1998),  which  is  in  contrast  with 
NOD  mice  transgenic  for  a  gene  encoding  intracellular  proinsulin  and  not  developing  diabetes 
(French  et  al.,  1997).  This  failure  of  DNA  encoding  intracellular  GAD  proteins  to  prevent  diabetes 
when  expressed  in  situ  does  not  appear  to  be  correlated  with  GAD  cellular  localization,  because 
neither  membrane  bound  GAD65  nor  cytosolic  GAD67  is  effective  in  that  respect  (Wiest- 
Ladenburger  et  al.,  1998). 

Levels  of  anti-GAD  IgG  antibodies  in  mice  sera  were  determined  using  ELISA  to  detect 
a  possible  immune  response  to  GAD  after  injection  of  ga^-carrying  plasmids  (Fig.  2).  There  were 
no  significant  increases  in  levels  of  anti-GAD  IgG  antibodies  in  mice  that  had  received  injections 
of  plasmids  carrying  gad65  or  sgad55  genes  when  compared  with  untreated  controls.  These  results 
were  in  contrast  with  those  obtained  in  another  study,  where  female  NOD  mice  that  had  received  i.m. 
injection  of  rat  gad65  or  gad67  genes  had  shown  a  strong  humoral  response  against  plasmid-encoded 
GAD  protein  (Wiest-Ladenburger  et  al.,  1998).  The  reason  for  the  difference  between  the  two 
studies  could  have  been  due  to  CY  injection,  since  this  treatment  suppresses  activity  of  Th2  cells 
which  are  known  to  activate  B  lymphocytes,  or  to  the  use  of  different  DNA  isolation  protocols,  or 
NOD  strains.  However,  absence  of  increased  levels  of  anti-human  GAD  antibody  after  injection  of 
human  GAD-encoding  plasmid  DNA  and  prevention  of  diabetes  are  not  necessarily  contradictory, 
since  a  similar  lack  of  anti-GAD  antibody  response  concomitant  with  a  preventative  effect  on 
diabetes  has  been  observed  previously  after  injection  of  GAD  protein/peptide  into  NOD  mice 


(Ramiya  et  al.,  1997). 
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Another  ELISA  was  performed  to  determine  levels  of  anti-GAD  IgGl  antibodies  in  mice  sera. 
Because  Th2  cells  mediate  a  process  that  leads  to  production  of  IgGl  antibodies,  IgGl  levels  have 
been  used  in  studies  of  immunization  and  tolerization  to  determine  whether  a  humoral  response  is 
induced.  Protection  of  pancreatic  beta  cells  after  tolerization  for  GAD  or  insulin  is  believed  to  be  due 
in  most  cases  to  local  suppression  of  Thl  cells  via  “by-stander  suppression”  by  antigen-specific 
activated  Th2  cells,  and  several  tolerization  studies  that  used  insulin  or  GAD  as  autoantigens  have 
shown  an  increase  in  Th2  cell  activity  associated  with  prevention  of  diabetes  (Homann  et  al.,  1999; 
Maron  et  al.,  1999;  Tisch  et  al.,  1999).  An  increase  in  IgGl  levels  was  readily  observed  in  several 
non-diabetic  mice  that  had  received  injection  of  plasmid  carrying  the  sgad55  gene  construct  (Fig. 
3).  In  contrast,  none  of  the  non-diabetic  mice  in  other  groups  showed  a  comparable  increase.  It  is 
likely  that  the  non-diabetic  mice  with  low  IgGl  levels  represented  the  approximately  20%  of  the 
population  of  NOD/MrkTac  mice  which  is  expected  to  be  diabetes-free  for  undefined  reasons.  The 
finding  that  non-diabetic  mice  that  received  injections  of  ,yga<i55-carrying  plasmid  showed  the 
highest  levels  of  anti-GAD  IgGl  antibodies  suggests  that  prevention  of  diabetes  in  these  animals  was 
associated  with  increased  Th2  cell  activity,  which  would  be  in  agreement  with  a  “by-stander 
suppression”  mechanism  of  diabetes  prevention. 

We  have  reported  previously  that  i.m  injection  of  plasmid  encoding  SGAD55  or  GAD65 
significantly  reduces  insulitis  in  10-week  old  non-diabetic  female  NOD  mice,  but  that  plasmid 
encoding  SRUC3  does  not  (Liu  et  al.,  1999).  Data  presented  here  indicate  that  only  plasmid 
encoding  SGAD55  could  significantly  prevent  diabetes  in  female  NOD  mice  with  an  accelerated 
form  of  the  disease  induced  by  CY  injection.  Surprisingly,  plasmid  encoding  SRUC3  caused  a  delay 
in  diabetes,  while  plasmid  encoding  GAD65  did  not  have  a  detectable  effect  on  the  disease. 
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Altogether  these  data  indicate  that  i.m.  injection  of  plasmid  carrying  sgad55  had  a  consistent 
protective  effect  against  both  insulitis  and  diabetes,  suggesting  that  sgad55  is  the  most  potent  gene 
construct  for  diabetes  prevention  among  those  used  in  our  studies.  The  effects  of  i.m  injection  of 
plasmid  DNA  carrying  gad65  or  sruc3  genes  on  diabetes  in  NOD  mice  not  treated  with  C  Y  and  on 
insulitis  in  CY-treated  NOD  mice  remain  to  be  determined  to  establish  whether  CY  injection  was 
responsible  for  the  observed  discrepancy  between  our  insulitis  and  diabetes  studies. 

To  our  knowledge,  this  is  the  first  report  of  the  successful  use  of  a  GAD-based  genetic 
vaccine  for  diabetes  prevention  in  NOD  mice.  Together  with  the  finding  by  Coon  et  al.  that  an 
insulin-based  genetic  vaccine  can  prevent  hyperglycaemia  in  RIP-LCMV  transgenic  mice,  our 
results  suggest  that  injection  of  plasmid  DNA  encoding  beta  cell-associated  autoantigens  may  be  a 
promising  approach  to  prevent  Type  1  diabetes.  Several  therapies  have  already  been  used  to  prevent 
diabetes  in  the  NOD  mice  with  success  (Atkinson  and  Leiter,  1999).  However,  the  established  and 
potential  advantages  of  genetic  vaccines  over  other  methods  of  immunization  are  significant  (Tutqa, 
1999).  For  example,  genetic  vaccines  can  be  obtained  in  large  quantities  at  low  cost,  and  can  be 
readily  modified  at  the  gene  level  for  improved  results,  as  demonstrated  in  the  work  presented  here. 
Further  improvements,  such  as  cell-targeting  of  vaccine  and  co-expression  of  tolerization-enhancing 
genes,  could  make  genetic  vaccines  a  powerful  and  practical  means  to  prevent  and  treat  Type  1 


diabetes  in  the  future. 


10 


Acknowledgements 

This  work  was  sponsored  by  the  Department  of  the  Army  and  the  National  Medical  Technology 
Testbed  Inc.,  Cooperative  Agreement  Number  DAMD 17-97-2-70 16.  The  content  of  the  information 
does  not  necessarily  reflect  the  position  or  the  policy  of  the  government  or  the  National  Medical 
Technology  Testbed,  Inc.  . 

References 

Ablamumts  V  et  al Acceleration  of  autoimmune  diabetes  by  cyclophosphamide  is  associated  with 
an  enhanced  EFN-gamma  secretion  pathway.  J Autoimmun  1999;13:383-392. 

Atkinson  MA,  Leiter  EH.  The  NOD  mouse  model  of  type  1  diabetes:  as  good  as  it  gets?  Nat  Med 
1999;  5:601-4. 

Bridged  M  et  al  Differential  protection  in  two  transgenic  lines  of  NOD/Lt  mice  hyperexpressing 
the  autoantigen  GAD65  in  pancreatic  beta-cells.  Diabetes  1998;47:1848-56. 

Coon  B,  An  LL,  Whitton  XL,  von  Herrath  MG.  DNA  immunization  to  prevent  autoimmune  diabetes. 
J  Clin  Invest  1999;  104:189-94. 


French  MB  et  al.  Transgenic  expression  of  mouse  proinsulin  II  prevents  diabetes  in  tion-obese 
diabetic  mice.  Diabetes  1997;46:34-9. 


11 


Geng  L,  Solimena  M,  Flavell  RA,  Sherwin  RS,  Hayday  AC.  Widespread  expression  of  an 
autoantigen-GAD65  transgene  does  not  tolerize  non-obese  diabetic  mice  and  can  exacerbate  disease. 
Proc  Natl  Acad  Sci  USA  1998;95:10055-60. 

Homann  D,  Holz  A,  Bot  A,  Coon  B,  Wolfe  T,  Petersen  J,  Dyrberg  TP,  Grusby  MJ,  von  Herrath  MG. 
Autoreactive  CD4+  T  cells  protect  from  autoimmune  diabetes  via  bystander  suppression  using  the 
IL-4/Stat6  pathway.  Immunity  1999;11:463-72. 

Liu  J  et  al.  Intramuscular  injection  of  plasmid  DNA  encoding  intracellular  or  secreted  glutamic  acid 
decarboxylase  causes  decreased  insulitis  in  the  non-obese  diabetic  mouse.  Gene  Ther  Mol  Biol 
1999;3:197-206. 

Liu  J,  Escher  A.  Improved  assay  sensitivity  of  an  engineered  secreted  Renilla  luciferase.  Gene  1999; 
237:153-9. 

Lobell  A,  Weissert  R,  Storch  MK,  Svanholm  C,  de  Graaf  KL,  Lassmann  H,  Andersson  R,  Olsson 
T,  Wigzell  H.  Vaccination  with  DNA  encoding  an  immunodominant  myelin  basic  protein  peptide 
targeted  to  Fc  of  immunoglobulin  G  suppresses  experimental  autoimmune  encephalomyelitis.  Exp 
Med  1998;187:1543-8. 

Maniatis  T,  Fritsch  EF,  Sambrook  J.  Molecular  Cloning.  A  Laboratory  Manual,  second  edition. 
Cold  Spring  Harbor  Laboratory:  Cold  Spring  Harbor,  NY,  1989. 


12 


Maron  R,  Melican  NS,  Weiner  HL.  Regulatory  Th2-type  T  cell  lines  against  insulin  and 
GAD  peptides  derived  from  orally-  and  nasally-treated  NOD  mice  suppress  diabetes.  J  Autoimmun 
1999  Jun;12(4):25 1-8. 

Nicoletti  F,  Zaccone  P,  Conget  I,  Gomis  R,  Moller  C,  Meroni  PL,  Bendtzen  K,  Trepicchio  W, 
Sandler  S.  Early  prophylaxis  with  recombinant  human  interleukin- 1 1  prevents  spontaneous  diabetes 
in  NOD  mice.  Diabetes  1999;  48:2333-9. 

Petersen  JS,  Karlsen  AE,  Markholst  H,  Worsaae  A,  Dyrberg  T,  Michelsen  B.  Neonatal  tolerization 
with  glutamic  acid  decarboxylase  but  not  with  bovine  serum  albumin  delays  the  onset  of  diabetes 
in  NOD  mice.  Diabetes  1994;  43:1478-84. 

Ramiya  VK,  Shang  XZ,  Wasserfall  CH,  Maclaren  NK.  Effect  of  oral  and  intravenous  insulin  and 
glutamic  acid  decarboxylase  in  NOD  mice.  Autoimmunity  1997;26:139-51 . 

Richter  W,  Shi  Y,  Baekkeskov  S.  Autoreactive  epitopes  defined  by  diabetes-associated  human 
monoclonal  antibodies  are  localized  in  the  middle  and  C-terminal  domains  of  the  smaller  form  of 
glutamate  decarboxylase.  Proc  Natl  Acad  Sci  USA  1993;90:2832-6. 

Robinson  HL.  DNA  vaccines:  basic  mechanism  and  immune  responses  (Review).  Int  J  Mol  Med 


1999;  4:549-55. 


13 


Simone  EA,  Wegmann  DR,  Eisenbarth  GS.  Immunologic  "vaccination"  for  the  prevention  of 
autoimmune  diabetes  (type  1A).  Diabetes  Care  1999,22  Suppl  2:B7-15. 

Tian  J,  Atkinson  MA,  Clare-Salzler  M,  Herschenfeld  A,  Forsthuber  T,  Lehmann  PV,  Kaufman  DL 
Nasal  administration  of  glutamate  decarboxylase  (GAD65)  peptides  induces  Th2  responses  and 
prevents  murine  insulin-dependent  diabetes.  J  Exp  Med  1996;183:1561-7 

Tisch  R,  Yang  XD,  Singer  SM,  Liblau  RS,  Fugger  L,  McDevitt  HO.  Immune  response  to  glutamic 
acid  decarboxylase  correlates  with  insulitis  in  non-obese  diabetic  mice.  Nature  1993;  366:72-5. 

Tisch  R,  Wang  B,  Serreze  DV.  Induction  of  glutamic  acid  decarboxylase  65-specific  Th2  cells  and 
suppression  of  autoimmune  diabetes  at  late  stages  of  disease  is  epitope  dependent.  J  Immunol  1999; 
163:1178-87. 


Tuteja  R.  DNA  vaccines:  a  ray  of  hope.  Crit  Rev  Biochem  Mol  Biol  1999;34: 1-24. 

Wicker  LS,  Todd  JA,  Peterson  LB.  Genetic  control  of  autoimmune  diabetes  in  the  NOD 
mouse.  Annu  Rev  Immunol  1995;13:179-200. 

Wiest-Ladenburger  U  et  al.  DNA  vaccination  with  glutamic  acid  decarboxylase  (GAD)  generates 
a  strong  humoral  immune  response  in  BALB/c,  C57BL/6,  and  in  diabetes-prone  NOD  mice.  Horm 


MetabRes  1998  ;30:605-9. 


14 


Wong  FS  et  al.  Identification  of  an  MHC  class  I-restricted  autoantigen  in  type  1  diabetes  by 
screening  an  organ-specific  cDNA  library.  Nat  Med  1999;  5:1026-31. 

Yoon  JW  et  al.  Control  of  autoimmune  diabetes  in  NOD  mice  by  GAD  expression  or  suppression 
in  beta  cells.  Science  1999;  284:1183-7 

Yoon  JW,  Jun  HS.  Cellular  and  molecular  roles  of  beta  cell  autoantigens,  macrophages  and  T  cells 
in  the  pathogenesis  of  autoimmune  diabetes.  Arch  Pharm  Res  1999;  22:437-4. 


15 


Titles  and  legends  to  figures 

Figure  1.  Effects  of  plasmid  DNA  injection  on  diabetes  incidence.  Female  NOD/MrkTac  mice 
(Taconic  Laboratories,  Germantown,  NY)  received  injections  of  plasmid  DNA  into  each  quadriceps 
muscle  (200  pg/leg)  at  the  age  of  four  weeks,  and  an  identical  set  of  injections  2  days  afterwards, 
for  a  total  of  800  pg  plasmid  DNA/mouse.  Mice  received  injections  of  plasmid  DNA  encoding 
either  full-length,  membrane-bound  human  GAD65  (n=10);  SGAD55,  a  secreted  form  of  truncated 
human  GAD65  (n=8);  or  SRUC3,  a  secreted  form  of  a  soft  coral  luciferase  (n=l  1).  A  group  of  mice 
was  left  untreated  as  control  (n=9).  All  mice  received  an  intra-peritoneal  injection  of 
cyclophosphamide  (200  mg/kg)  at  the  age  of  10  and  12  weeks  to  accelerate  diabetes  onset.  Mice  that 
received  injection  of  plasmid  DNA  encoding  SGAD55  or  SRUC3  showed  respectively  a  significant 
reduction(p=0.05,  log-rank  test)  or  delay  (p=0.01,  Mann- Whitney  U  test)  in  diabetes  when  compared 
with  controls.  Plasmid  DNA  was  amplified  from  Escherichia  coli  strain  DH5-a  using  the  alkaline 
lysis  method,  and  isolated  after  two  rounds  of  cesium  chloride  purification  (Maniatis  et  al.,  1989). 
Both  amounts  and  quality  of  plasmid  DNA  were  determined  after  ultraviolet  spectrophotometry 
(A260/A2go  greater  than  1.8)  and  agarose  gel  electrophoresis.  Plasmid  DNA  was  dissolved  under 
sterile  conditions  in  phosphate  buffer  saline  (PBS)  solution  at  a  final  concentration  of  2  pg/pl  and 
stored  at  -20°C.  Mice  kept  at  Loma  Linda  University  animal  facilities  under  non-pathogenic  free 
conditions  received  injection  of  DNA  under  general  anaesthesia  using  Ketamine,  66  mg/kg  body 
weight  (Phoenix  Scientific,  S'  Joseph,  MO),  7.5  mg/kg  body  weight  oxylazine  (Lloyd  Laboratories, 
Shenandoa,  IO),  and  1 .5  mg/kg  body  weight  acepromazine  maleate  (Fermenta  Animal  Health  Co., 
MO).  Glycosuria  was  monitored  twice  a  week  with  Clinistix  Reagent  Strips  for  urine  analysis  (Bayer 
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Corporation,  Elkhart,  IN).  When  positive,  mice  were  confirmed  diabetic  when  blood  glucose  levels 
were  greater  than  300mg/dl  on  two  consecutive  days,  using  Accucheck  Advantage  (Boehringer 
Mannheim  Corporation,  Indianapolis,  IN). 
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Figure  2.  Levels  of  anti-GAD  IgG  antibodies  in  mice  sera.  Blood  was  harvested  when  NOD  mice 
were  diagnosed  as  diabetic  (black  circles),  or  at  the  end  of  the  observation  period  when  non-diabetic 
(white  circles).  The  broken  line  represents  the  highest  levels  of  anti-GAD  IgG  antibodies  observed 
among  sera  from  six  3-4  month  old  CD1  mice,  as  negative  control.  Sera  were  obtained  from 
collected  blood  after  two  centrifugations  at  3,000  x  g  for  10  min  at  4°C;  10  pi  of  1%  sodium  azide 
was  added  to  each  sample.  Ninety-six  wells  microtiter  plates  (Dynex  Technologies  Inc.,  Chantilly, 
VA)  were  coated  overnight  at  4°C  with  100  pi  of  10  pg/ml  recombinant  human  GAD55  protein 
isolated  from  E.coli  (data  not  shown)  or  BSA,  in  PBS  containing  5  raM  DTT  and  100  mM  beta- 
mercaptoethanol.  Blocking  was  done  using  0.5%  BSA  in  PBS  for  2  hr  at  37°C,  and  mouse  sera 
diluted  1:100  were  added  and  allowed  to  incubate  for  2  hr  at  37°C.  Unbound  proteins  and  antibodies 
were  removed  with  4  washes  with  PBS  +  0. 1%  Triton  XI 00  for  5  minute  at  room  temperature  after 
each  reaction.  Alkaline  phosphatase-conjugated  Fab-specific  anti-mouse  IgG  monoclonal  antibodies 
(Sigma,  St  Louis,  MO)  were  diluted  in  1 :40,000  in  blocking  buffer,  added  to  the  wells,  and 
incubated  for  2  hrs  at  37°C.  The  relative  amounts  of  bound  antibodies  were  determined  after  addition 
of  100  pi  alkaline  phosphatase  substrate  Lumi-Phos  Plus  (Lumigen  Inc.,  Southfield,  MI)  to  each 
well.  Light  emission  catalyzed  by  alkaline  phosphatase  was  measured  in  a  ML3000  Luminometer 
(Dynex  Technologies  Inc.,  Chantilly,  VA)  after  allowing  the  reaction  to  develop  for  30  min  at  37°C. 

Figure  3.  Levels  of  anti-GAD  IgGl  antibodies  in  mice  sera.  A  protocol  identical  to  the  one 
described  in  Fig.  2  was  used  to  detect  levels  of  IgGl  antibodies,  except  that  alkaline  phosphatase- 
conjugated  IgGl -specific  anti-mouse  IgG  monoclonal  antibodies  (Zymed  Laboratories  Inc.,  South 
San  Francisco,  CA)  were  used  for  detection  at  a  dilution  of  1:2,000.  Black  circles:  diabetic  mice; 
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white  circles:  non-diabetic  mice.  RLU:  relative  light  units.  The  broken  line  represents  the  highest 
levels  of  anti-GAD  IgGl  antibodies  observed  among  sera  from  six  3-4  month  old  CD1  mice,  as 


negative  control. 
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Abstract.  Recombinant  viruses  can  produce  cytokines  in  tumors 
mobilizing  an  immune  response  to  tumor  cells.  In  this  study  we 
investigated  gene  expression,  in  vivo  antitumor  efficacy  and  safety  of 
attenuated  recombinant  vaccinia  virus  (rW)  carrying  murine  cytokine 
genes  IL-2  (rVV-mlL2),  IL-12  (rVV-mlL12)  and  both  IL-2  and  IL-12  (rVV-2- 
12)  in  athymic  nude  mice  model.  Significant  tumor  inhibition  (P<0.05)  was 
observed  in  a  pre-established  subcutaneously  C6  glioma  model  using 
rWs  at  doses  in  the  range  of  102-107  PFU.  Anti-tumor  effect  did  not 
depend  on  the  dose  of  the  rVV-mlL2  and  rW-mlL12  viruses.  All 
constructed  rWs  showed  high  level  of  cytokine  expression  in  vitro  and  in 
vivo.  Most  cytokine  groups  with  the  high  dose  of  virus  treatment  (105-107 
PFU)  showed  signs  of  cytokine  toxicity  while  in  low  dose  treatment  groups 
(102-103  PFU)  toxicity  was  greatly  reduced.  The  W  control  vector  perse 
induced  tumor  inhibition,  but  the  antitumor  effect  was  less  effective  as 
compared  to  rW  carrying  cytokine  genes  (P<0.05).  These  results  suggest 
that  attenuated  recombinant  strains  of  W  at  low  doses  may  potentially  be 
efficient  vectors  forjhexancer  immunotherapy. 


Key  words:  vaccinia  virus,  IL-2,  IL-12,  glioma,  cancer  immunotherapy 


INTRODUCTION 


Virus-mediated  cytokine  therapy  has  been  proved  effective  against 
tumors  inducing  local  and  systemic  immune  response  (2,7,10,15,22,25- 
27).  Potential  vectors  of  gene  delivery  for  humans  include  adenovirus, 
herpes  simplex  virus  (HSV),  adeno-associated  virus  (AAV),  poxvirus,  or 
non-viral  plasmid  DNA.  Compared  to  other  virus  vectors  vaccinia  virus 
(W),  a  poxvirus,  is  a  particularly  attractive  vector  due  to  its  wide  host 
range,  large  cloning  capacity,  cytoplasmic  site  of  viral  replication,  and  high 
efficiency  of  foreign  gene  expression  3.  The  safety  and  efficacy  of  live 
vaccine  strains  of  W  was  successfully  demonstrated  in  the  smallpox 
eradication  program  and  in  vaccine  trials  for  a  number  of  animal  and 
human  infectious  diseases  3. 

Recent  preclinical  studies  on  W-mediated  cytokine  treatment  is 
emerging  as  a  promising  approach  for  cancer  gene  therapy.  Recombinant 
W  expressing  different  cytokines  have  been  proved  to  produce  authentic 
proteins  both  in  vitro  and  in  vivo,  and  induce  anti-tumor  effect  in  various 
animal  tumor  models  4'7, 42  Compared  to  adenoviral  vector  which  is  used 
in  gene  therapy  studies  at  high  dose,  VV  can  be  applied  at  considerably 
lower  dose  to  achieve  similar  antitumor  effect.  Low  dose  VV  therapy  may 
reduce  the  risk  of  systemic  inflammatory  response  syndrome  caused  by 
high  dose  of  virus  vector  (Hollon,  2000),  and  toxicity  induced  by 
overexpressed  cytokines 36-41 . 


Currently,  in  most  of  tumor  therapy  studies  laboratory  strain 
Western  Reserve  (WR)  of  VV  is  used  10'13  which  is  known  to  be 
neurotropic  and  virulent  to  mice  14 .  However,  several  attenuated  VV 
strains  were  developed  which  proved  to  be  safe  in  different  animal  models 
3.  Patient  treated  by  intratumoral  injection  of  attenuated  VV  strain 
expressing  cytokines  showed  no  evidence  of  systemic  spread  of  the  virus 
or  of  organ  dysfunction  or  other  major  hematological  or  biochemical 
changes  9  15.  Recent  study  on  animals  immunized  with  W  demonstrated 
that  W-specific  protein  expression  in  tumors  was  as  effective  as  in  non- 
vaccinated  animals  8.  This  important  finding  was  confirmed  by  Robinson 
and  colleagues  9  in  clinical  study  demonstrating  that  W  can  infect  and 
replicate  in  tumor  cells  despite  the  presence  of  systemic  neutralizing 
antibodies. 

In  our  laboratory,  the  attenuated  strain  Lister  has  been  used  for 
many  years.  The  safety  and  efficacy  of  this  W  strain  has  been  confirmed 
in  our  previous  animal  and  human  vaccination  studies  1618  and  in  studies 
on  cancer  gene  therapy  19,2°.  In  this  study,  the  efficacy  of  Lister  VV  as  a 
vector  of  IL-2  and  IL-12  delivery  for  low  dose  cancer  immunotherapy  has 
been  investigated  in  athymic  mice  C6  glioma  model.  The  C6  cell  line 
demonstrates  astrocytic  morphology  and  has  been  widely  used  in 
neurobiology  showing  high  homology  to  human  glioma  in  terms  of 
parenchymal  invasion,  neovascularity,  and  necrosis  23,24.  Athymic  nude 
mice  model  may  simulate  immu no-deficient  individuals  or  cancer  patients 


particularly  at  advanced  stages  which  often  develop  impaired  T  cell 
response  similar  to  nude  mice  due  to  the  disease  itself,  radiotherapy 
and/or  chemotherapy  25 .  This  animal  model  is  also  convenient  for  studying 
of  the  safety  of  the  virus  vectors.  We  performed  a  dose-escalation 
experiment  (10  PFU  to  107  PFU)  to  determine  the  effective  dose  of  this 
attenuated  W  for  the  inhibition  of  tumor  growth.  For  the  first  time  we  have 
demonstrated  that  low-dose  W-mediated  cytokine  delivery  can  be  an 
effective  strategy  for  immunotherapy  of  glioblastomas  in  vivo. 


MATERIALS  AND  METHODS 

Cell  lines.  CV-1  cells,  African  green  monkey  kidney  fibroblasts,  were 
obtained  from  the  American  type  Culture  Collection  (ATCC,  Rockville,  MD) 
and  maintained  in  Dulbecco’s  modified  Eagle’s  medium  containing  5% 
fetal  bovine  serum  and  antibiotic-antimycotic  solution  (Sigma  Chemical 
Co.,  St.  Louis,  MO).  The  Rat  C6  nitrosourea-induced  glioma  cell  line, 
originally  established  by  Benda  et  al  21  was  cultured  in  RPMI-1640 
medium  (Cellgro/Mdiatech,  Inc.,  Herndon,  Virginia)  supplemented  with  5% 
fetal  bovine  serum  and  antibiotic-antimycotic  solution. 

Animals.  Athymic  nude  mice  (male,  nu/nu)  were  purchased  from  Charles 
River  Breeding  Laboratories,  Inc.  (Wilmington,  MA)  at  5-6  weeks  of  age. 
The  animals  were  housed  in  self-contained  filter-top  cages  in  a  room 
controlled  for  temperature,  humidity,  and  a  12  h  day-night  cycle. 
Autoclaved  bedding,  food  and  water  were  provided.  At  the  time  of 


sacrifice,  rapid  C02  asphyxiation  was  performed  in  compliance  with  the 
NIH  Guide  for  the  Care  and  Use  of  Laboratory  Animals.  The  study  was 
approved  by  our  institutional  Animal  Research  Committee. 

Construction  of  recombinant  vaccinia  virus  expressing  IL-2  and  IL- 
12.  LI  VP  variant  of  the  attenuated  Lister  strain  of  W  has  been  used  in 
this  study.  The  plasmid  (VR1110)  containing  mouse  IL-2  (mlL-2)  gene  and 
plasmid  (pSFG.IL-12.p40.L.Ap35)  carrying  mouse  IL-12  (mlL-12)  fusion 
gene  were  obtained  from  Dr.  Parker  (Vical,  Inc.,  San  Diego)  and  Dr. 
Mulligan  (Howard  Hughes  Medical  Institute,  Boston),  respectively.  The 
constructions  of  recombinant  viruses  rW-mlL2,  rW-mlL12  and  rW-2-12, 
which  carrying  mlL-2,  mlL-12  or  both  genes,  are  described  in  Fig.1.  The 
control  virus  rW4  has  the  insertion  of  two  genes  encoding  Photinus  pyralis 
luciferase  (luc)  and  the  Escherichia  coli  lacZ  at  the  TK  region  of  the  wild- 
type  W  (wt  VV)  (Fig.  Id).  All  recombinant  viruses  contained  a  copy  of 
reporter  lacZ  gene. 

Recombinant  clones  were  selected  by  growth  on  CV-1  cells,  in  the 
presence  of  5-bromo-4-chloro-indolyl-p-D-galactosidase  (X-gal)  using  the 
lacZ  reporter  gene.  The  recombinant  viruses  were  then  purified  over  a 
sucrose  gradient.  Virus  concentration  was  determined  by  plaque  titration 
on  CV-1  cells  and  expressed  as  plaque-forming  units  (PFU)  per  milliliter. 
Kinetic  analysis  of  cytokines  expression  in  vitro 

The  efficacy  of  cytokine  expression  was  performed  on  rat  C6 
glioma  cells  by  enzyme-linked  immuno-sorbent  assay  (ELISA).  C6  cells 


(1x10s  cells/well)  were  plated  on  6-well  plate  and  infected  with  rVV-mlL2, 
rVV-mlL12  or  rVV-2-12  respectively  at  different  multiplicity  of  infection 
(MOI).  Supernatants  were  collected  at  specified  time  points  and  cytokines 
assayed  by  ELISA  kits  (Douset  kit,  Genzyme,  Cambridge,  MA). 

Animal  model.  C6  glioma  cells  (5x10s/mouse)  were  injected 
subcutaneously  (s.c.)  at  right  hind  of  the  nude  mice.  On  day  5  after  cell 
inoculation  when  palpable  tumor  had  formed,  animals  were  injected 
intratumorally  (i.t)  with  increasing  doses  of  rW4,  rW-mlL2,  rW-mlL12  or 
rW-2-12  in  a  volume  of  50pl.  The  lowest  dose  for  these  viruses  was 
10PFU  while  the  highest  dose  was  107PFU  for  rW-mlL2  and  rW-mlL12, 
and  105PFU  for  rW-2-12.  Animals  were  weight  twice  a  week  and  tumor 
dimensions  were  measured  with  vernier  calipers.  All  animals  were 
euthanized  at  the  same  time,  when  mean  tumor  volume  for  the  control 
group  reached  ~2,500  mm3. 

Tumors  were  removed  and  cut  into  small  pieces  in  PBS  with  100 
pM  phenylmethylsulfomyl  fluoride  (PMSF).  After  centrifuged  at  2000  rpm, 
5  min,  supernatant  were  collected  and  stored  at  -80°C  before  assayed  by 
ELISA  for  mlL-2  and  mlL-12  expression. 

Western  blot  analysis  for  IL-12  fusion  protein  in  tumor.  To  confirm  the 
authenticity  of  the  fused  subunit  of  IL-12  gene  expression  by  rW  in  vivo, 
tumors  treated  with  105  PFU  rVVs  on  day  7  after  virus  injection  were 
homogenized  and  extracts  were  analyzed  for  IL-12  fusion  protein 
expression  by  Western  blot.  Eighty  f.ig  of  protein  were  separated  on  a  12% 


polyacrylamide/SDS  gel  and  transferred  to  Immunobilon-P  membrane 
(Millipore,  Bedford,  MA).  The  membrane  was  blocked  with  5%  non-fat  milk 
and  probed  with  primary  antibody:  Goat  anti-mouse  IL-12  monoclonal 
antibody  (R&D  systems  Inc.,  MN),  and  then  incubated  with  the  secondary 
antibody  conjugated  with  horseradish  peroxidase  (Jackson 
ImmunoResearch  Lab.  Inc.,  PA).  The  membrane  development  was 
performed  according  to  the  manufacturer’s  instructions. 

Virus  in  vivo  infection  efficiency.  Forty  pm  thick  sections  from  frozen 
tumors  (two/group)  were  dried,  fixed  in  2%  formaldehyde  (v/v)  and  0.2% 
glutaraldehyde  (v/v)  in  PBS  for  30  min  and  washed  in  PBS  for  2  times. 
Then,  sections  were  stained  in  X-gal  solution  for  4  h  at  37°C.  X-gal 
solution  was  prepared  by  combining  the  following:  5  mM  potassium 
ferricyanide,  5  mM  potassium  ferrocyanide,  2  mM  MgCh,  1  mg/ml  X-gal  in 
PBS. 

Spontaneous  blastogenesis  in  peripheral  blood  and  spleen.  Seven 
days  after  virus  infection,  whole  blood  samples  of  animals  treated  with 
control  virus  (rW4)  of  different  dosage  (10,  102,  103  and  107  PFU)  were 
collected  in  heparinized  tuberculin  syringes  via  cardiac  puncture 
immediately  after  euthanasia.  Spleens  were  removed  and  smashed  in 
RPMI-1640  medium  before  filtrated.  The  leukocyte  counts  in  blood  and 
spleen  samples  were  performed  on  HESCA  Hematology  Analyzer  (ABX 
Hematologie,  France).  Fifty  pi  aliquots  of  whole  blood  or  spleen  samples 
were  mixed  with  150  pi  of  complete  RPMI  1640  medium  and  1  pCi  3H- 


thymidine  in  50  pi  of  medium  was  immediately  added.  The  cells  were 
incubated  for  4  h  at  37°C,  harvested  with  a  multiple-sample  harvester,  and 
the  amount  of  3H-thymidine  incorporated  into  cell  DNA  was  counted  in  a 
liquid  p-scintillation  counter  (E&G  Wallac  Inc.,  MD).  The  results  are 
expressed  as  disintegrations  per  minute  (dpm)/106  cells. 

Flow  cytometry  analysis.  Blood  and  spleen  samples  were  prepared  as 
described  above.  Fifty  pi  of  each  sample  was  then  stained  with 
appropriate  fluorescent-conjugated  monoclonal  antibodies  (CD45i  PAN-NK) 
(PharMingen,  San  Diego,  CA).  Stained  cells  were  washed  and  analyzed 
using  a  FACSCalibur  machine  with  CellQuest  software  (Becton  Dickinson, 
Manfield,  MA). 

Virus  dissemination.  The  dissemination  of  VV  in  immuno-compromised 
nude  mice  was  assessed  using  the  highly  sensitive  p-galactosidase 
luminometric  assay.  Tumor  and  organs  were  removed  at  day  2  and  9 
after  virus  injection  and  smashed  in  appropriate  volume  of  lysis  buffer.  The 
extract  was  centrifuged  at  13,000  rpm  for  5min  to  remove  tissue  debris.  A 
20  pi  sample  of  extract  was  assayed  using  Galacto-light  Plus™  kit  (Tropix, 
Bedford,  MA).  Bioluminescence  was  measured  by  ML300  microplate 
luminomiter  (Dynatech  Laboratories,  Inc.,  Chantilly,  VA).  Results  are 
expressed  as  light  units  (LU)/mg  organ  wet  weight 22. 

Statistical  analysis.  The  data  were  analyzed  using  one-way  analysis  of 
variance,  Tukey’s  HSD  test  (SPSS).  A  P  value  of  <0.05  was  considered  to 
indicate  significant  differences  among  groups. 


RESULTS 


Cytokine  expression  in  vitro  and  in  vivo.  The  recombinant  vaccinia 
viruses  induced  efficient  synthesis  of  mlL-2  and  mlL-12  in  infected  cells 
both  in  vitro  and  in  vivo.  In  C6  glioma  cells  infected  in  vitro  proteins  were 
measured  as  early  as  6  h  after  virus  infection  reaching  the  peak  of 
cytokine  production  between  24  and  48  h  with  the  yield  of  600ng/106cells 
of  mlL-2  and  1800ng/106cells  of  mlL-12  (Fig. 2).  Cytokine  expression  was 
still  detectable  at  96  h.  The  efficiency  of  cytokine  expression  of  the 
construct  rW-2-12  carrying  both  mlL-2  and  mlL-12  genes  in  different 
regions  of  the  same  W  genome  was  similar  to  that  after  infection  with 
virus  rW-mlL2  or  rW-mlL12  alone.  Thus,  the  rW-2-12  virus  expressed 
both  cytokines  at  the  same  time  without  influencing  the  gene  expression. 
The  expression  of  two  reporter  genes  (lacZ  and  luc )  incorporated  into  the 
rW-2-12  genome  along  with  cytokine  genes  were  not  interfered  either. 

Local  intratumoral  injection  of  rWs  in  some  animals  directed 
cytokine  expression  even  at  doses  as  low  as  10  and  102  PFU  of  viruses. 
In  higher  dose  groups,  almost  all  tumor  extracts  showed  efficient  cytokine 
expression  measured  by  ELISA  assay.  Highest  level  of  IL-2  (56  pg/mg) 
and  IL-12  (825  pg/mg)  at  tumor  site  and  in  circulation  (5.5  ng/ml  and  88.7 
ng/ml,  respectively)  was  observed  on  day  2  after  injection  of  107  PFU 
viruses  (Table  1,  2).  On  days  8,  IL-2  was  still  detectable  in  the  tumor  but  at 
lower  level,  while  IL-12  was  found  both  in  tumor  and  blood.  The  difference 


in  cytokine  expression  levels  at  high  doses  of  105-107  PFU  was 
insignificant.  At  the  same  MOI,  IL-12  expression  in  terms  of  protein 
production  was  found  to  be  significantly  higher  than  IL-2.  In  control 
groups,  IL-2  and  IL-12  on  days  2  and  8  were  barely  detectable,  if  any 
(data  not  shown). 

Western  blot  analysis  confirmed  that  IL-12  fusion  protein  expressed 
by  rW-mlL12  in  tumor  remained  authentic  and  intact  under  reducing 
condition,  whereas  control  recombinant  IL-12  (rlL-12)  with  heterodimer 
structure  dissociated  to  p35  and  p40  subunits  (Fig.  3).  No  endogenous 
mlL-12  was  detected  in  Hank’s,  rVV4  and  rW-mlL2  groups. 

Tumor  inhibition  in  nude  mice  glioma  model.  To  determine  the  efficacy 
of  different  doses  of  W  administered  by  i.t.  injection  we  used  seven 
graded  doses  from  10  to  107  PFU  on  an  established  nude  mice  glioma 
model.  Dosage  from  102  to  107  PFU  of  both  rW-mlL2  and  rW-mlL12 
demonstrated  significant  growth  inhbition  of  subcutaneous  glioma 
(P<0.05)  with  tumor  volumes  near  or  over  50%  smaller  than  that  treated 
with  the  control  virus  (Fig.4).  No  significant  difference  was  observed 
between  IL-2  and  IL12  treatment  groups.  Injection  of  10  PFU  of  rVVs  did 
not  produce  anti-tumor  effects.  High  dose  of  control  virus  also  exhibited 
an  effective  inhibition  of  tumor  growth. 

Except  for  animals  animal  treated  with  10  PFU  of  rW-mlL12,  in  all 
rW-mlL2  or  rVV-mlL12  treated  groups  we  observed  signs  of  cytokine- 
associated  toxicity.  High  dosage  groups  (105  to  107  PFU)  resulted  in  high 


mortality  rate  with  an  approximately  60%  survival  on  8  day  after  rW 
injection.  Low  virus  doses  (10  to  104  PFU)  resulted  in  100%  survival  at  the 
same  time  but  some  animals  failed  to  gain  weight  indicating  on  possible 
cytokine  mediated  side  effect.  Combination  therapy  with  rW-2-12  was 
lethal  for  mice  even  at  103-105  PFU  with  100%  mortality  on  day  5.  At  10 
PFU,  30%  animals  died  on  day  5.  Further  data  on  cytokine  toxicity  will  be 
presented  elsewhere  (manuscript  in  preparation). 

Virus  infection  in  vivo.  To  examine  the  efficiency  of  low  dose  (1 0-1 02 
PFU)  W  infection,  on  day  7  after  i.t.  injection  of  rW  tumor  sections  were 
prepared  and  stained  with  X-gal.  No  positive  staining  was  found  in  all  10 
PFU  groups,  indicating  that  either  virus  particles  were  cleared  from  the 
tumor  by  host  immune  system,  or  the  level  of  gene  expression  was  very 
low.  Sections  of  tumors  treated  with  102  PFU  rW4,  rW-mlL2  and  rW- 
mlL12  exhibited  lacZ  activity  within  2  h  after  adding  the  substrate  (Fig.5). 
These  findings  showed  that  as  low  as  1 00  viral  particles  of  W  constructs 
were  sufficient  to  detect  productive  infection  of  tumor  tissues. 

Immune  response  to  vaccinia  virus  vector.  The  immune  response 
induced  by  rW4  vector  itself  was  characterized  by  blood  and  spleen 
blastogenesis  study  and  NK  cell  analysis.  Peripheral  blood  leukocytes 
from  107  PFU  group  exhibited  significantly  greater  spontaneous 
blastogenesis  compared  to  saline  tumor  control  (P<0.05),  while  lower 
doses  (10-1 03  PFU)  produced  some  increase  but  the  difference  was 
statistically  insignificant  (Fig.6).  High  increase  in  NK  cells  (P<0.05)  was 


detected  in  blood  after  treatment  with  103  PFU  of  rVN/4  (Fig.7).  However, 
no  obvious  changes  in  number  of  NK  cells  and  in  spontaneous 
blastogenesis  were  found  in  spleen  after  i.t.  injection  of  rW4  at  any  doses 
(data  not  shown). 

Virus  dissemination.  Using  a  virus  titration  method  we  previously 
demonstrated  that  this  strain  of  W  is  safe  for  nude  mice  even  after  s.c. 
inoculation  of  108  PFU  19.  Here,  we  used  a  sensitive  chemiluminescent 
method  to  detect  p-galactosidase  expression  in  different  organs  and 
tumors  after  i.t  injection  of  107  PFU  of  W.  All  recombinant  viruses  in  this 
experiment  carried  lacZ  gene  driven  by  VV  promoter  pi  1 .  Measured  level 
of  p-galactosidase  expression  showed  that  the  viral  proliferation  at  tumor 
injection  site  could  be  detected  on  day  2  after  virus  injection  (rVV4:  12.1 
LU/mg;  rW-mll_2:  17.9  LU/mg;  rW-mlL12:  11.9  LU/mg).  Virus  replication 
significantly  decreased  by  day  9  (rW4:  3.83  LU/mg;  rW-mlL2:  0.61 
LU/mg;  rVV-mlL12:  4.45  LU/mg). 

Although  on  day  2  the  lacZ  gene  expression  was  detected  in 
organs  (lung,  liver,  kidney),  but  the  reporter  expression  was  several  orders 
of  magnitude  less  than  in  tumor  tissue.  On  day  9,  the  virus  replication  was 
barely  detectable  in  these  organs  and  animals  showed  no  signs  of  side 
effects  or  disease. 

DISCUSSION 

The  present  study  describes  an  application  of  immunotherapy  by 
local  delivery  of  low  dose  recombinant  Lister  W  carrying  IL-2  or  fused 


subunits  of  IL-12  in  an  athymic  mice  and  C6  glioma  xenograft  model.  Our 
in  vitro  experiments  demonstrate  that  the  constructed  rWs  efficiently 
infect  tumor  cells  resulting  in  production  of  authentic  cytokines.  The  peak 
of  cytokine  synthesis  was  observed  at  24-48  h  after  infection  producing 
600ng/1 06cells  of  IL-2  and  1800ng/106cells  of  IL-12.  Incorporation  of  as 
many  as  four  foreign  genes  into  vaccinia  virus  did  not  interfere  with  the 
expression  level  of  these  genes. 

In  nude  mouse  model  we  found  that  single  intratumoral  injection  of 
as  low  virus  dose  as  102  or  103  PFU  of  rW-mlL2  or  rW-mlL12  can  induce 
significant  inhibition  of  C6  tumor  growth.  Higher  virus  doses  (105-107  PFU) 
also  exhibited  antitumor  effect,  however  treated  animals  showed  signs  of 
toxicity  and  high  mortality  apparently  associated  with  high  cytokine 
production  (manuscript  in  preparation).  Thus,  virus  doses  of  102-103  PFU 
may  result  in  sufficient  production  of  therapeutic  cytokines  and  immune 
responses  for  tumor  immunotherapy. 

Antitumor  effect  of  virus-  mediated  IL-2  and  IL-12  immunotherapy 
has  also  been  demonstrated  in  other  tumor  models.  It  was  suggested  that 
the  produced  cytokines  activate  lymphokine-activated  killer  (LAK)  cells, 
NK  cells  and  tumor  infiltrating  lymphocytes  (TILs)  26'28.  IL-12  was  also 
reported  to  inhibit  angiogenesis  indirectly  through  the  stimulating  of  IFN-y 
and  chemokine  IP-10  29. 

By  analyzing  the  cytokine  production  in  vivo,  the  maximum  level  of 
gene  expression  in  tumors  and  in  plasma  was  observed  on  day  2  after 


virus  treatment.  Surprisingly,  the  cytokine  expression  levels  in  tumors  and 
plasma  at  105-107  PFU  of  virus  treatment  varied  but  the  differences  were 
not  significant.  IL-2  expressed  by  rW  in  vivo  seemed  to  facilitate  the  virus 
elimination  from  the  animal.  The  efficiency  of  virus  reporter  gene  ( lacZ ) 
expression  in  tumors  on  day  8  after  virus  injection  was  significantly  lower 
in  IL-2  groups  (0.61  LU/mg)  than  that  with  the  control  virus  (3.83  Lu/mg) 
and  IL-12  groups  (4.45  LU/mg).  This  result  is  in  agreement  with  data 
previously  reported  by  other  researchers  30  32  on  IL-2-mediated  inhibition 
of  VV  infection  in  nude  mice  presumably  via  elevated  NK  activity. 

Since  the  safety  of  virus-based  therapy  is  a  great  concern  and  virus 
dissemination  is  usually  related  to  high  dose  of  applied  recombinant  virus 
12,12,22.  low-dose  therapy  of  W  may  be  advantageous  in  cancer 
immunotherapy  by  minimizing  the  risk  of  virus  spread  and  pathogenicity. 
In  other  vector  systems  the  applied  virus  doses  are  very  high.  The 
effective  dose  of  the  WR  strain  of  W  in  tumor  immunotherapy  study  was 
105  PFU  7,7,33p  while  the  dose  of  adenovirus  mediated  IL-2  and  IL-12 
treatment  was  in  the  range  of  107-  5x1 08  PFU  2  2'26'27.  Our  rW  viruses  can 
achieve  tumor  inhibition  at  102  PFU,  a  dose  that  is  much  lower  as 
compared  with  that  using  WR  W  and  adenovirus  vectors.  Safety  of  our 
virus  vector  was  previously  demonstrated  on  human  16,18.  Here  we 
confirmed  that  as  a  highly  attenuated  virus  vector  it  did  not  exhibit  obvious 
systemic  dissemination  after  i.t.  injection  at  dose  as  high  as  107  PFU  per 
mouse,  and  VV  particles  mostly  remained  localized  at  the  injection  site. 


In  this  study,  we  also  confirmed  our  previous  finding  that  high  dose 
of  the  W  vector  itself  can  cause  tumor  inhibition  effects  19f  although  its 
efficiency  is  much  lower  as  compared  to  recombinant  W  carrying  genes 
of  cytokines.  Others  reported  similar  results  using  adenovirus  vector  in 
P815  murine  tumor  model27.  General  increase  of  blood  leukocytes  by 
blastogenesis  analysis  and  the  significant  increase  in  blood  NK  cell 
population  may  indicate  an  important  role  of  these  cells  in  vaccinia- 
mediated  tumor  suppression.  Immunogenic  virus  itself  may  act  as  an 
adjuvant  for  cancer  immunotherapy  augmenting  stronger  antitumor 
immune  response  by  enhancing  the  presentation  or  recognition  of  tumor- 
specific  antigens  and  inducing  the  production  of  cytokines  34.  Preferential 
infection  of  tumor  cells  by  virus  may  also  contribute  to  stimulation  of  host 
antitumor  immune  response  1,13,3S. 

Our  results  indicate  that  low  dose  W-mediated  IL-2  and  IL-12 
delivery  may  induce  therapeutic  effects  against  pre-established  glioma.  To 
our  knowledge,  this  is  the  first  report  on  use  of  Lister  strain  of  VV  as  a 
vector  in  cancer  immunotherapy.  Previously,  we  demonstrated  that  p53- 
mediated  gene  therapy  based  on  this  virus  vector  might  be  a  new 
promising  antitumor  strategy  19.  However,  single  treatments  itself  either 
with  cytokines  or  tumor  suppressors  may  not  be  sufficient  for  elimination 
of  tumors.  Combination  of  immunotherapy  with  other  antitumor  gene 
therapy  strategies,  like  tumor  suppressor  treatment,  or  virus-mediated 
inhibition  of  vascularization  may  further  enhance  the  antitumor  efficacy 


and  contribute  to  the  translation  of  these  promising  experimental  systems 
into  clinical  practice.  Combination  of  W-mediated  immunotherapy  and 
p53  tumor  gene  therapy  will  be  addressed  in  our  future  experiments. 
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Fig.1 .  Construction  of  recombinant  vaccinia  viruses,  (a,  b)  The  mouse  IL- 
2  or  IL-12  cDNA  fragment  was  cloned  into  the  W  transfer  vector  pSC-11 
downstream  of  the  early/late  W  p7.5  promoter,  resulting  in  pSC-mlL2  or 
pSC-mlL12,  respectively.  The  reporter  gene  lacZ  was  under  the  control  of 
W  late  pi  1  promoter.  Recombinant  rW-mlL2  and  rW-mlL12  was 
generated  by  homologous  recombination  between  TK  region  flanking  mlL- 
2  or  mlL-12  on  plasmid  and  the  TK  region  of  the  wild  type  W  genome. 
The  IL-12  gene  we  used  was  a  fusion  gene,  containing  both  p40  and  p35 
subunits,  (c)  mlL-12  cDNA  was  ligated  into  the  Smal  site  of  a  W 
expression  vector,  pNL5Sma,  which  contained  the  luc  reporter  gene.  The 
resulting  mlL-12  expression  vector,  pN-mlL12,  was  inserted  into  the  N 
region  of  rVV-mlL2  genome  by  homologous  recombination.  The  rVV-2-12 
contained  four  foreign  genes,  mlL-12,  luc  genes  at  N  region  and  mlL-12, 
lacZ  genes  at  TK  region,  (d)  control  virus  rVV4  had  the  two  reporter 
genes,  lacZ  and  luc,  inserted  into  the  TK  region  of  wild  type  W. 

Fig.  2.  Kinetic  analysis  of  mlL-2  or  mlL-12  expression  by  different 
recombinants.  Rat  C6  glioma  cells  were  seeded  in  24-well  plate  at  IxlO6 
cells/well.  The  next  day,  cells  were  infected  with  rW-mlL2,  rVV-mlL12  or 
rW-2-12  at  the  indicated  MOI.  Supernatants  were  collected  at  6,  24,  48, 
72  and  96  h.  The  secretion  of  cytokine  was  measured  by  ELISA. 

Fig.  3.  Authentic  expression  of  IL-12  fusion  protein  in  tumor.  Recombinant 
heterodimeric  and  fusion  protein  forms  of  mouse  IL-12  were  analyzed  by 


Western  blot  under  reducing  condition  (p-mercaptoethanol).  Heterodimeric 
IL-12  separated  into  two  subunits,  while  the  fusion  IL-12  maintained  an 
intact  protein.  rlL-12:  recombinant  heterodimeric  IL-12. 

Fig.  4.  In  vivo  dose  response.  Rat  C6  glioma  cells  (5x1 06)  were  injected 
s.c.  in  the  right  hind  of  the  nude  mice.  After  5  days  of  initial  inoculation,  all 
animals  attained  palpable  tumors,  at  which  time  Hank’s,  rW4,  rW-mlL2, 
or  rW-mlL12  were  administrated  i.t.  for  a  single  injection  at  seven 
different  doses  (10-107  PFU).  Significant  difference  (P<0.05)  was 
observed  in  102-107  PFU  groups  when  compared  with  saline  and  virus 
control  groups. 

Fig.  5.  In  vivo  virus  infection.  Frozen  tumor  section  from  Hank’s,  rW4, 
rW-mlL2  or  rW-mlL-12-treated  groups  were  dried  and  fixed  in  fixative 
buffer.  After  rinsed  in  PBS  for  2  times,  sections  were  stained  in  X-gal 
solution  for  4  h  at  37°C. 

Fig.  6.  Spontaneous  blastogenesis  in  peripheral  blood  from  mice  injected 
with  rVV4.  Aliquots  (50  pi)  of  whole  blood  were  incubated  in  medium 
containing  1  pCi  3H-thymidine  per  well  for  4  h  before  counting  the  amount 
of  radioactivity  taken  up  by  cells.  *  significant  difference  between  two 
groups  (P<0.05). 

Fig.  7  NK  cell  proliferation  in  peripheral  blood  from  mice  injected 
with  rVV4.  Aliquots  (50  pi)  of  whole  blood  were  labeled  with  antibody  (pan- 
NK)  and  analyzed  by  flow  cytometry.  .  *  statistically  significant  difference 
between  two  groups  (P<0.05). 
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ABSTRACT 

Previously,  we  have  shown  that  vaccinia  viruses  (W)  expressing  p53,  IL-2  and  IL-12 
results  in  an  effective  inhibition  of  subcutaneous  glioma  growth  in  mice.  We  suggest  that 
combination  therapy  of  tumors  with  virus-mediated  p53  and  cytokine  genes  may  offer 
the  prospect  of  synergistic  antitumor  response.  In  this  work,  we  evaluate  the  antitumor 
efficacy  of  combined  VV-mediated  combination  of  p53,  IL-2  and  IL-12  genes  in  nude 
mice  model.  To  minimize  cytokine-associated  toxicity  as  low  virus  dose  as  10  PFU  of 
VV  expressing  IL2  and  IL12  per  animal  was  used.  Local  treatment  of  established  C6 
glioma  with  recombinant  viruses  rVV-p53,  rVV-mlL2,  rVV-mlL12  and  rW-2-12  induced 
prolonged  expression  of  p53,  IL-2,  IL-12  and  both  cytokines,  respectively,  in  tumors. 
Combination  rW-p53/rVV-mlL12  or  rVV-p53/rVV-2-1 2  treatments  resulted  in  synergistic 
tumor  inhibition  compared  to  the  single  modality  treatment  (P<0.05).  rW-p53/rW-2-12 
therapy  was  found  to  be  associated  with  striking  elevation  of  NK  cells  in  blood  and  IFN-y 
expression  in  tumors.  The  difference  in  the  inhibition  of  tumor  growth  with  rW- 
p53/rWmlL2  combination  and  rVV-p53  treatments  was  statistically  insignificant.  These 
data  demonstrate  that  gene  therapy  based  on  VV-mediated  combination  of  p53,  IL-2 
and  IL-12  treatment  may  be  a  promising  alternative  strategy  for  glioma  treatment. 
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INTRODUCTION 

Glioblastoma  is  a  common  tumor  derived  from  glial  precursors  and  the  second 
leading  cause  of  cancer  death  in  children  younger  than  15  years  of  age.  The  median 
survival  from  these  tumors  is  less  than  one  year  (Dietrich,  1994).  p53  mutation  was 
found  in  63  to  65%  of  high  grade  and  63%  of  low-grade  astrocytomas  (Lang,  1994; 
Newcomb,  1993).  The  documented  p53  functions  include  cell  growth  arrest  that  is 
partially  mediated  by  p21  and  the  apoptosis  that  may  involve  the  apoptosis  regulating 
genes  Bcl-2  and  Bax  (Wang,  1997).  Several  studies  have  demonstrated  that  virus- 
mediated  delivery  of  wild-type  p53  can  suppress  growth  in  a  number  of  human  cancer 
cell  lines  in  vitro  and  in  vivo  (Fujiwara,  1996,  Qazilbash,  1997,  Kim,  1999,  Aspinall, 
1999).  Therefore,  therapeutic  strategies  designed  to  restore  wild-type  p53  protein 
activity  in  cancer  cells  are  particularly  appealing. 

Recently,  it  has  been  demonstrated  that  delivery  and  overexpression  of  wild- 
type  p53  gene  induced  apoptosis  in  rat  and  human  glioma  cell  lines  in  vitro  (Gomez- 
Manzano,  1997,  Shinoura,  1999  Timiryasova,  1999)  which  was  independent  of  the 
endogenous  p53  status  (Li,  1997,  Timiryasova,  1999).  p53  transduced  into  established 
intracranial  rat  9L  glioma  suppressed  the  tumor  growth  by  40%  (Badie,  1995).  In  a  nude 
mice  model,  injection  of  adenovirus  (Li,  1999)  or  vaccinia  virus  (Timiryasova,  1999) 
expressing  p53  also  resulted  in  an  effective  inhibition  of  glioma  growth.  Although  these 
studies  demonstrated  the  potential  of  p53  gene  therapy,  the  efficacy  of  p53  treatment  is 
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far  from  ideal,  and  further  improvements  of  anticancer  strategies  are  needed.  For 
example,  strategies  of  multiple  modalities  of  therapy  may  provide  more  effective 
approach  for  treatment  of  cancer.  Indeed,  it  was  demonstrated  that  overexpressed  p53 
rendered  the  tumor  cells  more  sensitive  to  irradiation  (Lang,  1998;  Gridley,  1998)  and 
cisplatin-induced  apoptosis  (Dorigo,  1998),  while  each  agent  alone  failed  to  achieve  a 
significant  antitumor  effect.  Other  therapeutic  genes,  like  cytokine  genes,  combined  with 
p53  treatment  may  also  augment  an  antitumor  effect.  Recently,  Putzer  et  al  (Putzer, 
1998)  have  shown  that  combined  delivery  of  p53  and  IL-2  genes  into  murine  breast 
tumors  resulted  in  significant  tumor  regressions  in  65%  of  animals.  Interleukin-2  (IL-2) 
and  interleukin-12  (IL-12)  are  two  potent  agents  that  have  been  demonstrated  to 
possess  antitumor  activity  through  their  ability  to  stimulate  cytotoxic  T  lymphocyte 
(CTLs),  to  enhance  natural  killer  cell  (NK)  activity  and  to  activate  tumor  infiltrating 
lymphocytes  (TILs)  (???).  In  addition,  IL-12-mediated  antitumor  effect  is  also  related  to 
its  antiangiogenesis  activity  and  increase  of  IFN-y  secretion  (Yao,  1999).  Previous 
studies  in  both  xenogeneic  and  syngeneic  glioma  models  showed  that  intratumoral  IL-2 
production  might  stimulate  an  immune  antitumor  response  with  predominance  of  CD4, 
CD8  lymphocytes,  NK  cells,  neutrophils  and  activated  macrophages  (Palu,  1999, 
Okada,  1996).  IL-12  has  been  recently  shown  to  produce  antiglioma  immune  activity  in 
rodent  models  (Toda  et  al.,  1998;  Kikuchi  et  al.,  1999). 

To  increase  the  efficacy  of  antitumor  therapy,  we  are  studying  vaccinia  viruses 
(W)  as  vectors  for  gene  therapy.  Recently,  we  have  shown  that  VV  expressing  p53 
(rVV-p53)  was  effective  in  tumor  therapy  of  nude  mice  in  ex  vivo  experiment  and  in 
established  subcutaneous  glioma  model  (Timiryasova,  1999).  We  also  found  that  VV 
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carrying  mouse  IL-2  (rVV-mlL2)  or  IL-12  (rW-mlL12)  gene  could  induce  significant 
tumor  inhibition  in  a  pre-established  C6  glioma  model  by  the  virus  dose  as  low  as  100 
plaque  forming  unit  (PFU)  (Chen  et  al,  manuscript  in  preparation).  However,  like  most 
other  cytokine  therapies,  toxicity  is  a  major  limitation  of  the  strategy.  To  achieve  better 
antitumor  efficacy  and  minimize  cytokine  toxicity,  in  the  present  study  we  investigate  the 
ability  of  tumor  inhibition  by  combination  of  low  dose  rW-mlL2  or  rW-mlL12  and  high 
dose  rVV-p53  in  a  C6  glioma  model.  We  found  that  treatment  with  recombinant  viruses 
combined  at  ratio  10  to  2x1 07  PFU  effectively  expressed  their  transgenes  in  vivo  and 
synergistically  inhibited  the  tumor  growth. 

MATERIALS  AND  METHODS 

Vaccinia  virus  constructions 

Construction  and  characterization  of  recombinant  virus  rW2,  rVV4,  rVV-p53,  rW- 
mlL2,  rVV-mlL12  and  VV  containing  both  IL-2  and  IL-12  genes  (rW-2-12)  were 
performed  as  previously  described  (Timiryasova  et  al.,  1999;  Chen  et  al.,  manuscript  in 
preparation).  rW2  was  the  control  virus  for  rVV-p53,  while  rW4  was  the  control  for 
recombinant  viruses  carrying  genes  encoding  cytokines.  Instead  of  therapeutic  gene,  In 
rVV2  and  rVV4,  reporter  genes  lacZ  of  E.coli  and  firefly  luciferase  (luc)  were  inserted  into 
the  same  position  of  the  genome  that  carried  therapeutic  genes  in  recombinant  viruses. 
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Cell, lines,  animals. 

CV-1  cells,  African  green  monkey  kidney  fibroblasts,  were  obtained  from  the 
American  type  Culture  Collection  (ATCC,  Rockville,  MD)  and  maintained  in  Dulbecco’s 
modified  Eagle’s  medium  containing  5%  fetal  bovine  serum  and  antibiotic-antimycotic 
solution  (Sigma  Chemical  Co.,  St.  Louis,  MO).  The  Rat  C6  nitrosourea-induced  glioma 
cell  line,  originally  established  by  Benda  et  al  (Benda,  1968)  was  cultured  in  RPMI-1640 
medium  (Cellgro/Mdiatech,  Inc., Herndon,  Virginia)  supplemented  with  5%  fetal  bovine 
serum  and  antibiotic-antimycotic  solution. 

Athymic  nude  mice  (male)  were  obtained  from  Charles  River  Breeding 
Laboratories,  Inc.  (Wilmington,  MA)  at  4-6  weeks  of  age.  All  animal  studies  were 
conducted  in  accordance  with  the  animal  care  policy  of  the  Loma  Linda  University. 

Infection  of  cells  in  vitro 

To  determine  whether  transgene  expression  could  be  mutually  interfered  after 
coinfection  with  two  different  rVVs,  equal  amount  of  rVV-p53  and  rW-mlL2  were  used 
to  infect  C6  glioma  cells  in  vitro  at  a  multiplicity  of  infection  (MOI)  0.2  plaque  forming 
unit  (PFU)  per  cell.  The  virus  was  added  to  the  cell  monolayer  (IxlO6  cells/well)  and 
incubated  at  37°C  for  1  h.  Then,  a  complete  RPMI  1640  medium  was  added,  and 
samples  of  specific  time  points  were  taken  and  frozen  at  -80°C.  Level  of  IL-2  secreted 
into  the  medium  was  measured  by  ELISA  using  mouse  IL-2  Duoset  ELISA  kit  ( 
Genzyme,  USA???).  p53  expression  was  detected  by  western  blot  as  previously 
described  (Timiryasova,  1999). 
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Since  in  the  combined  therapy  the  ratio  of  cytokine-  and  p53-producing  viruses 
was  10  to  2x1 07  PFU,  we  did  not  rule  out  the  possibility  that  high  dose  virus  could  inhibit 
the  infection  and  replication  of  the  low  dose  virus.  To  test  it  C6  cells  were  coinfected 
with  rVV4  expressing  lacZ  gene  and  wild-type  W  (wtVV)  at  ratio  1  to  100.  Cells  were 
then  fixed  with  2%  formaldehyde  (v/v)  and  0.2%  glutaraldehyde  (v/v)  in  PBS  for  30  min. 
Fixed  cells  were  washed  2  times  with  PBS  and  stained  in  X-gal  solution  for  4  hr  at  37°C. 
X-gal  solution  contained  5  mM  potassium  ferricyanide,  5  mM  potassium  ferrocyanide,  2 
mM  MgCI2,  1  mg/ml  X-gal  in  PBS. 

The  level  of  lacZ  gene  expression  was  also  determined  by  chemoluminescent 
assay.  C6  cells  were  coinfected  with  wtVV  and/or  rW4  as  described  above.  24  h  later, 
cells  were  lysed  in  lysis  buffer  and  assayed  using  Galacto-light  Plus™  kit  (Tropix, 
Bedford,  MA).  Bioluminescence  was  measured  by  ML300  microplate  luminomiter 
(Dynatech  Laboratories,  Inc.,  Chantilly,  VA). 

Functional  assay  of  p53 

p53  function  was  analyzed  by  DNA  fragmentation  assay.  9x1 06  C6  cells  were 
plated  in  10  cm2  dish  24  h  before  virus  infection.  Cells  were  then  infected  with  rVV2, 
rVV4,  rVV2/rVV4,  rVV-mlL2,  rVV-p53  and  rW-p53/rVV-mlL2  by  0.2  PFU  of  each  virus. 
Cells  were  harvested  at  48  h  post  infection  and  lysed  in  10  mM  Tris-HCI  pH  7.5,  1  mM 
EDTA  and  0.2%  Triton  X-100.  After  incubated  on  ice  for  50  min,  debris  was  centrifuged 
and  supernatant  was  sequentially  digested  with  400  ng/ml  RNase  and  400  pg/ml 
Protease  K  for  30  min  at  37°C.  Samples  were  then  extracted  with 
phenol/chloroform/isoamyl  alcohol  three  times.  DNA  was  precipitated  and  dissolved  in 
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30  ]u.l  H20,  and  4  pg  of  DNA  from  each  sample  was  analyzed  by  electrophoresis  in  2% 
agarose  gel. 

Inhibition  of  tumor  growth  in  vivo 

An  aliquot  of  5x1 05  C6  glioma  cells  were  injected  subcutaneously  (s.c.)  in  the 
right  hind  of  athymic  nude  mice.  Animals  were  then  randomly  divided  into  11  groups: 
normal  control,  saline  tumor  control,  rVNAt  control,  rW2  control,  rVV-mlL2,  rW-mIL12, 
rW-2-12,  rW-p53,  rVV-p53/rW-mlL2,  rW-p53/rW-mlL12,  rW-p53/rW-2-12. 

Approximately  5  days  later,  when  palpable  tumors  had  developed  in  all  recipients,  a 
single  intratumoral  injection  of  Hank’s  medium,  10  PFU  of  rVV4  or  recombinant  VV  was 
performed  in  a  volume  of  50  p.1.  Twenty  four  hours  later,  mice  in  rVV2  and  p53  treatment 
groups  received  rVV2  or  rW-p53  at  the  dose  of  2x1 07  PFU.  Animal  weight  was 
measured  twice  a  week;  tumor  dimensions  were  measured  with  calipers.  All  animals 
were  euthanized  at  the  same  time,  when  mean  tumor  volume  of  control  group  reached 
-2,500  mm3. 

Tumors  were  removed  and  one  half  was  fixed  in  10%  buffered  formalin.  The 
other  half  was  snap  frozen  in  liquid  nitrogen  and  stored  at  -80°C. 

Detection  of  p53  and  cytokine  expression  in  tumor 

Frozen  tumors  were  thawed  and  cut  into  small  pieces  in  PBS  with  100  pM 
phenyl methylsulfomyl  fluoride  (PMSF).  After  centrifugation  at  2000  rpm,  5  min, 
supernatant  was  collected  and  assayed  for  IL-2,  IL-12  (Duoset  kit,  Genzyme),  IFN-y  and 
TNF-a  (Quantikine,  R&D  system)  expression  by  ELISA. 
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P53  expression  was  detected  by  immunohistochemistry  as  previously  described 
(Tinriiryasova,  1999).  Briefly,  formalin  fixed  tumors  were  embedded  in  paraffin  and 
sectioned  (5  pm).  Monoclonal  antibody  against  human  p53  (1:100,  clone  DO-7, 
Novocastra  Lab,  Ltd.,  Newcastle,  UK)  and  Cy  3-conjugated  anti-mouse  antibody 
(1:1000,  Jackson  Immuno-Research  Lab.,  West  Grove,  PA)  were  used  as  primary  and 
secondary  antibodies,  respectively.  After  immunohistochemical  reactions,  sections  were 
counterstained  with  DAPI  for  nuclear  detection.  Expression  of  p53  was  analyzed  using 
fluorescence  microscopy. 

in  situ  TUNEL  assay 

Apoptosis-associated  DNA  cleavages  were  detected  using  terminal 
deoxynucleotidyl  transferase-mediated  dUTP  nick  end-labeling  of  DNA  (TUNEL,  in  situ 
cell  death  detection  kit,  fluorescein,  Boehringer  Mannheim,  IN).  Tumor  sections  on  day 
9  after  virus  infection  were  deparaffinized  and  permeabilized  with  0.1%  Triton  X-100  in 
0.1%  sodium  citrate  for  2  min  on  ice.  After  several  washes  in  PBS,  the  sections  were 
incubated  with  the  TUNEL  reaction  mixture  containing  fluorescein-conjugated  dUTP  for 
60  min  at  37°C  in  the  dark  as  specified  by  the  manufacturer  (Boehringer  Mannheim). 
Following  three  washes  with  PBS,  samples  were  directly  analyzed  using  a  fluorescence 
microscope. 

Flow  cytometry  analysis 

Four  and  nine  days  after  virus  infection,  whole  blood  sample  from  each  animal 
was  collected  in  heparinized  tuberculin  syringes  via  cardiac  puncture  immediately  after 
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euthanasia.  Spleens  were  removed  and  smashed  in  RPMI-1640  medium  before 
filtration.  The  leukocyte  counts  in  blood  and  spleen  samples  were  performed  on  HESCA 
Hematology  Analyzer  (ABX  Hematologie,  France).  50  pi  of  each  sample  was  then 
stained  with  appropriate  fluorescent-conjugated  monoclonal  antibodies  (CD45,  CD19, 
PAN-NK,  NK1.1,  TCR-p,  MAC-1)  (PharMingen,  San  Diego,  CA).  Stained  cells  were 
washed  and  analyzed  using  a  FACSCalibur  machine  with  CellQuest  software  (Becton 
Dickinson,  Manfield,  MA). 

Data  analysis 

The  data  were  analyzed  using  one-way  analysis  of  variance,  Tukey’s  HSD  test 
(SPSS).  A  P  value  of  <0.05  was  considered  to  indicate  significant  differences  among 
groups. 

RESULTS 


The  interference  of  transgene  expression  by  coinfection  with  two  different  rVVs 

Cells  infected  with  rW-p53  or  rW-mlL2  overexpressed  p53  or  IL-2  with  the  peak 
of  expression  around  24-48  h.  postinfection.  However,  the  expression  of  these 
recombinant  proteins  was  reduced  when  cells  were  co-infected  with  rVV-p53  and  rW- 
mlL2  at  same  multiplicity  of  infection  (MOI)(Fig.1 , 2)  although  the  p53  function  remained 
to  be  active.  Indeed,  DNA  fragmentation  pattern  induced  by  rVV-p53/rVV-mlL2  infection 
did  not  differ  from  that  of  rW-p53  treatment  (Fig. 3).  Cells  infected  by  control  virus  (rW2, 
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rVV4)  also  showed  certain  level  of  apoptosis,  but  it  was  significantly  lower  compared 
with  the  rVV-p53-treated  cells. 

To  determine  the  influence  of  high  dose  virus  on  the  infection  and  replication 
ability  of  the  low  dose  virus  strain,  C6  cells  were  coinfected  with  the  combination 
rVV4/wtVV  at  ratio  1  to  100.  After  exposing  the  cell  to  viruses  for  24  h  cells  were  found 
to  express  low  level  of  rW4-derived  lacZ  expression  (Fig.4),  while  infection  of  cells  with 
rVV4  alone  at  the  same  MOI  resulted  in  a  significant  increase  in  the  reporter  expression 
(1 1 1 .9±1 .31  RLU/1 06  cells).  These  data  indicate  that  high  dose  virus  can  inhibit  infection 
or  replicaton  of  the  low  dose  virus  if  two  viruses  are  combined. 

Effect  of  p53  and  cytokine  combined  therapy 

The  experiment  was  designed  to  test  whether  low  doses  of  virus-mediated 
cytokine  treatment  can  enhance  the  antitumor  effect  of  p53.  Athymic  nude  mice  carrying 
established  C6  tumor  xenografts  were  i.t.  treated  with  different  p53/cytokine 
combinations.  On  day  9  post-injection,  animals  treated  with  rW-p53/rVV-mlL12  and 
rVVp53/rW-2-12  showed  significant  tumor  growth  inhibition  (P<0.05)  compared  with 
those  treated  with  single  construct  (Fig.5).  Combination  therapy  rVV-p53/rVV-mlL2, 
compared  with  rW-p53  treatment,  had  no  significant  increase  in  therapeutic  effect 
(P=0.078),  but  compared  with  rVV-mll_2  group  the  inhibition  of  tumor  growth  was 
statistically  significant  (P<0.05).  No  significant  differences  in  mean  tumor  volume  were 
noted  between  rVV-p53  and  control  rVV2  groups  at  all  time  points  (1537.3±309.9  mm3 
and  1745.5±355.9  mm3,  respectively,  on  day  9),  although  in  comparison  with  the  saline 
control  group  they  showed  significantly  reduced  tumor  growth. 
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Treatment  with  single  injection  of  10  PFU  of  rVV-mlL2,  rVV-mlL12  or  rVV-2-12 
did  not  result  in  tumor  inhibition.  rVV-mlL2  and  rVV-mlL12  induced  low,  if  any,  cytokine 
toxicity,  but  the  construct  rW-2-12  expressing  both  cytokines  showed  signs  of  toxicity  in 
nude  mice.  Twenty  five  percent  of  animals  injected  with  rW-2-12  died  by  day  5-6  after 
virus  treatment.  Interestingly,  in  rVV-p53/rVV-2-1 2  combination  group,  all  animals 
survived  the  treatment  until  the  end  of  experiment. 

rVV-mediated  production  of  recombinant  proteins  in  tumors 

Overexpressed  p53  protein  could  be  detected  by  immunohistochemistry  at  least 
9  days  after  injection  of  rVV-p53  or  p53/cytokine  expressing  combination  viruses 
(Fig.6A).  Strong  signal  was  mostly  found  around  or  in  the  necrotic  area  visualized  by 
H&E  staining.  p53  expression  was  not  found  to  be  impaired  in  combined  p53/cytokine 
therapy.  Tumors  treated  with  the  control  rVV2  virus  in  this  experiment  showed  little 
antitumor  effect. 

On  day  4  after  virus  injection,  IL-2  expression  was  detected  in  tumors  of  2  of  4 
animals  treated  with  rVV-2-12  (18.3  ng/g,  3.4  ng/g)  and  in  1  of  4  animals  treated  with 
rVV-p53/rW-2-1 2  (5.67  ng/g).  On  day  9,  only  one  animal  treated  with  rVV-p53/rW-2- 
12  showed  IL-2  expression  in  tumor  (6.6  ng/g). 

IL-12  expressed  in  tumors  of  almost  all  animals  treated  with  rW-mlL12,  rW-2- 
12,  rW-p53/rW-mlL12  and  rVV-p53/rW-2-12,  reaching  the  highest  level,  57.3  ng/g,  on 
day  4.  Only  half  of  the  animals  expressed  the  cytokine  on  day  9,  with  the  highest  value 
41.6  ng/g. 
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Apoptosis  induced  by  recombinant  VV 

On  day  9  after  virus  injection  TUNEL-stained  cells  were  detected  in  rVV2,  rVV- 
p53,  and  p53/cytokine-treated  groups  (Fig.6B).  These  cells  exhibited  apoptotic 
morphology,  containing  strongly  labeled  condensed  nuclei  and  micronuclei.  TUNEL- 
positive  cells  mostly  gathered  around  the  tumor  necrosis  area.  Surprisingly,  we  could 
not  observe  any  difference  in  tumor  cell  apoptosis  between  control  rW2  and  rVV-p53 
groups.  Staining  of  saline-treated  tumor  cells  showed  few  apoptotic  cells. 

Characterization  of  host  antitumor  immune  response 

Involvement  of  macrophages  and  NK  cells  in  tumor  rejection  was  analyzed  by 
flow  cytometry.  On  day  4  after  single  i.t.  injection  of  rW-p53/rW-2-1 2,  blood  samples 
showed  a  distinct  increase  in  NK  cell  population  as  compared  with  all  other  treatment 
groups  (p<0.05).  No  statistically  significant  difference  in  NK  cells  was  noted  among 
saline  control,  rVV2  control,  rW-mlL2,  rW-mlL12,  rW-2-12,  rVV-p53/rVV-mlL2  and 
rW-p53/rW-mll_12  groups.  On  day  9,  no  difference  was  observed  among  all  groups. 
Compared  to  saline  control,  the  percentage  of  macrophage  (MAC-1  positive  cells) 
doubled  in  all  high  dose  (2x1 07  PFU)  rVV-treated  animals  on  days  4  and  9,  indicating 
that  macrophage  stimulation  was  caused  by  high  dose  application  of  VV  vector  per  se. 
Cell  suspensions  isolated  from  spleen  showed  no  significant  differences  in  NK  cells  and 
macrophages  among  groups  at  all  observed  time  points.  NKT  cell  (NK1.1+  TCR-p+), 
which  was  previously  reported  to  contribute  to  IL-12-induced  tumor  inhibition  (Kitamura, 
1999),  did  not  exhibit  obvious  changes  in  our  tumor  model.  No  proliferation  of  B  cells 
was  observed  either  in  all  groups. 
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Intratumoral  induction  of  IFN-y  and  TNF-a 

High  production  of  IFN-y  was  measured  only  in  some  tumors  on  day  4  after 
treatments  with  rVV-mlL12  (891.4  pg/g),  rW-2-12  (5000  pg/g),  rW-p53/rVV-mlL12 
(600  pg/g)  and  rVV-p53/rVV-2-12  (1227.3  pg/g),  whereas  all  tumors  treated  with  saline 
control  rVV2,  rVV-mlL2  and  rVV-p53/rW-mlL-2  showed  low  level  of  IFN-y  expression 
(less  than  30  pg/g).  The  striking  difference  in  IFN-y  expression  of  IL-12  therapy  versus 
IL-2  therapy  supported  the  fact  that  induction  of  IFN-y  is  a  characteristic  feature  of  IL-12 
treatment. 

At  least  6-fold  increase  in  TNF-a  expression  was  detected  in  few  animals 
following  rVV-2-12  (74.1  pg/g),  rVV-p53/rVV-mlL2  (91.2  pg/g),  rW-p53/rW-mlL12  (70.5 
pg/g)  and  rVV-p53/rVV-2-12  (332.9  pg/g)  treatment  compared  with  the  control  rW-mlL- 
2  and  rW-mlL12  groups  expressing  less  than  10  pg/g.  Some  increase  was  found  in 
rVV-p53  group  (23.1  pg/g)  as  well. 

DISCUSSION 

Combination  gene  therapy  offers  the  therapeutic  advances  through  the  additive 
or  synergistic  effect  induced  by  two  or  more  therapeutic  genes.  P53,  IL-2  and  IL-12  are 
well-known  proteins  that  have  been  proved  to  be  the  potent  antitumor  agents  in  animal 
studies  and  clinical  trials.  Here  we  suggested  that  combined  vaccinia  virus-mediated 
delivery  of  these  genes  into  tumors  might  elicit  synergistic  antitumor  effect  by 
augmenting  immune  response  against  cancer  cells  and  tumor  cell  apoptosis.  Expected 
synergistic  effect  may  be  explained  by  several  molecular  mechanisms:  1)  Antitumor 
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effect  of  p53  and  IL-12  may  occur  through  inhibition  of  angiogenesis.  p53  was  shown  to 
regulates  the  release  of  antiangiogenic  factors,  such  as  thrombospondin  1  (Dameron, 
1994).  Overexpression  of  p53  may  also  inhibitor  the  expression  of  vascular  endothelial 
growth  factor  (Nishizaki,  1999).  IL-12  can  inhibit  angiogenesis  by  inducing  IFN-y, 
chemokine  IP-10,  and  NK-cells  of  endothelial  cells  (Yao,  1999).  2)  Formation  of 
apoptotic  bodies  in  tumor  cells  by  overexpressed  p53  may  activate  the  macrophages 
and  induce  local  inflammatory  response,  which  can  be  amplified  by  VV  induced 
intratumoral  IL-2  and/or  IL-12  production.  3)  TNF-a  released  from  activated 
macrophages  and  NK  cells  can  induce  hemorrhagic  necrosis  of  tumors  in  vivo  through 
destruction  of  tumor  vasculature  (Carswell,  1975)  and  induce  apoptosis  in  sensitive 
tumor  cells  (Rubin,  1988).  4)  IL-2  and  IL-12  may  enhance  the  immune  response  to  p53 
protein  overexpressed  in  rW-p53-infected  tumor  cells  by  activating  NK  cells, 
macrophages  and  B  cells  (Topalian,  1994). 

In  this  study  we  demonstrated  that  rVV-p53/rW-2-12  combination  therapy 
induced  a  statistically  significant  tumor  growth  arrest  (P<0.01)  as  compared  with  rW- 
p53  and  rVV-2-12-treated  alone.  Previously,  we  showed  that  glioma  therapy  with  10 
PFU  rVV-mlL2  or  rW-mlL12  caused  little,  if  any,  cytokine-associated  side  effects,  but 
had  no  anti-tumor  effect  either  (Chen  et  al.,  manuscript  ion  preparation).  Although 
treatment  with  rVV-p53/rVV-mlL12  also  produced  inhibition  of  tumor  growth 
(1110.8±543.2  mm3,  day  9)  compared  to  single  modality  groups  (P<0.05),  rW-p53/rW- 
2-12  showed  the  greatest  antitumor  effect  (624.2±165.7  mm3,  day  9).  rVV-p53/rW-2-12 
therapy  induced  a  substantial  increase  of  NK  cell  population  in  blood.  In  other 
treatment  groups,  NK  activation  in  blood  was  not  detected  suggesting  that  early 
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proliferation  of  NK  cells  in  blood  on  day  4  played  an  important  role  in  antitumor  effect. 
High  level  of  IFN-y  production  was  also  detected  in  the  tumor  following  rVV-p53/rW-2- 
12  treatment  that  may  indicate  on  the  local  activation  of  NK  cells.  Previously,  it  was 
shown  that  combination  of  IL-2  and  IL-12  induced  IFN-y  production  by  NK  cells  (Ross 
and  Caligiuri,  1997),  and  recombinant  IL-12  administration  induced  IFN-y  production 
and  tumor  regression  (Nastala,  1994;  Brunda,  1995).  Virus-mediated  delivery  of  IFN-y 
had  also  antiangiogenic  effect  in  murine  brain  tumor  model  (J.  Immunol.  2000;  164: 
217-222).  Induction  of  IFN-y  is  an  important  condition  but  it  may  not  be  sufficient  for 
effective  tumor  therapy.  Indeed,  induction  of  IFN-y  we  also  observed  in  tumors  of  rVV-2- 
12-treated  animals  although  it  failed  to  result  in  tumor  growth  retardation.  Other 
cytokines  and  chemokines  may  be  also  involved  in  tumor  inhibition. 

Although  we  did  not  observe  the  expected  increase  in  apoptosis  using  VV-p53- 
treated  versus  control  virus,  p53-mediated  antitumor  effect  may  be  explained  by 
different  mechanism.  High  proliferation  of  NK  cells  in  the  blood  after  the  VV-p53/rVV- 
2-12,  but  not  rW-p53  or  rW-2-12  treatment,  and  an  increased  level  of  intratumoral 
TNF-a  production  in  p53/cytokine-treated  animals  compared  with  single  modality 
treatment  suggests  an  important  role  of  rW-p53-mediated  p53  synergistically 
potentiating  the  immune  response  of  rW-2-12  therapy.  Further  study  is  necessary  to 
shed  light  on  molecular  mechanisms  of  combined  p53/cytokine-mediated  induction  of 
NK  cell  proliferation  and  TNF-a  production,  and  the  role  of  p53  in  this  process. 

In  contrast  to  W-p53/rVV-2-12  and  rVV-p53/rVV-mlL12  treatments, 
intratumoral  injection  of  rW-p53/rW-mlL2  did  not  induce  marked  reduction  of  tumor 
volume  compared  with  rVV-p53  single  modality  treatment.  Our  in  vitro  and  in  vivo  data 
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also  demonstrated  that  rVV-mlL2-mediated  expression  of  IL-2  in  terms  of  synthesized 
protein  was  greatly  reduced  compared  with  rVV-mlL12-mediated  production  of  IL-12  at 
equal  MOI.  The  low  level  of  IL-2  production  is  apparently  insufficient  to  induce  efficient 
antitumor  immune  response.  We  also  found  that  rW-p53/rVV-mlL2-mediated  synthesis 
of  intratumoral  IFN-y  was  considerably  lower  compared  with  rVV-p53/rW-mlL12 
treatment,  which  may  partially  explain  the  difference  in  therapeutic  efficiency  between 
two  combination  therapies.  Antiangiogenic  effect  could  also  account  for  antitumor 
activity  of  combined  p53/IL-1 2  therapy. 

Tumor  growth  was  also  inhibited  after  injection  of  control  virus  (rVV2)  (2x1 07 
PFU)  although  the  antitumor  efficiency  was  lower  than  that  with  p53/cytokine 
combination.  This  is  apparently  associated  with  the  oncolytic  effect  of  W  as  it  was 
discussed  in  previously  (Timiryasova  et  al.,  1999).  Noteworthy,  an  increase  in  number 
of  blood  macrophages  was  found  in  rW2  and  other  high  rW  dose  treated  groups.  It 
suggests  that  high  dose  of  W  vector  per  se  is  a  strong  inducer  of  macrophages,  which 
might  proliferate  in  response  to  cell  infection  and/or  lysed  tumor  cells.  C6  glioma  cells 
infected  with  the  rVV2  in  vitro  showed  little  signs  of  apoptosis  while  rW-p53  and 
combined  p53/cytokine  constructs  induced  effective  apoptosis.  However,  therapy  of 
tumors  with  rVV2,  rW-p53  and  p53/cytokine  in  vivo  induced  similar  level  of  apoptosis  of 
tumor  cells  suggesting  that  activation  of  immune  system  by  high  dose  of  viruses  may  be 
an  important  factor  of  apoptosis. 

In  combination  therapy,  especially  when  the  dose  of  one  virus  construct  is 
several  orders  of  magnitude  greater,  the  efficacy  of  therapy  depends  on  the  ability  of  the 
administered  viruses  to  replicate  after  coinfection.  Our  in  vitro  data  showed  reduction  in 
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the  gene  expression  of  one  virus  even  when  the  ratio  of  MOI  of  two  co-infecting 
recombinant  viruses  was  equal  to  1.  At  the  ratio  of  co-infection  1:100,  the  gene 
expression  of  low-dose  virus  was  greatly  reduced.  In  animal  study,  to  minimize  the 
cytokine  toxicity  we  used  extremely  low  dose  of  VV  expressing  cytokines  (10  PFU). 
Previously  we  found  that  10  PFU  rVV-mlL2  or  rW-mlL12  caused  little,  if  any,  cytokine 
toxicity  in  vivo,  but  the  treatments  did  not  induce  reduction  of  tumor  size  either  (Chen  et 
al,  manuscript  in  preparation).  To  avoid  suppression  of  replication  of  low  dose  (10  PFU) 
rW  carrying  IL-2  or  IL-12  by  rVV-p53  in  vivo,  the  cytokine-expressing  virus  was  injected 
into  tumor  24  h  prior  the  rW-p53  treatment.  Unlike  in  vitro  results,  expression  of  IL-2 
and  IL-12  in  tumors  was  not  inhibited  by  high-dose  of  rVV-p53.  As  expected,  rVV-p53- 
mediated  expression  of  p53  was  not  suppressed  by  low-dose  virus  either.  Thus,  our 
data  revealed  that  for  tumor  therapy  10  infectious  viral  particles  of  recombinant 
cytokine-producing  VV  can  be  combined  with  2x1 07  viral  particles  of  rW-p53,  and  the 
replication  of  these  viruses  and  transgene  expression  was  not  interfered. 

We  also  found  that  rVV-p53/rW-2-12  combination  decreased  the  cytokine- 
associated  side  effects  caused  by  rVV-2-12.  Interestingly,  100%  animals  survived  the 
combination  treatment  and  minimal,  if  any,  cytokine  toxicity  was  observed  in  treated 
animals,  while  rVV-2-1 2-treatment  alone  resulted  in  25%  mortality  during  the 
experimental  period.  Thus,  it  suggests  that  combination  gene  therapy  may  be  safer 
strategy  than  cytokine  therapy  alone.  It  is  not  excluded  that  some  increase  of  the  ratio  of 
rVV-2-12  in  combination  therapy  could  result  in  greater  therapeutic  effect. 

In  summary,  using  nude  mice  subcutaneous  C6  glioma  model  combined  rVV- 
p53/rW-2-12  and  rVV-p53/rW-mlL12  treatments  elicited  significant  antitumor  effect. 
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In  our  future  study,  the  strategy  will  be  tested  in  orthotopic,  syngeneic  brain  tumor 
model  induced  in  specific  central  nervous  system  environment. 
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Legends 

Fig.1  Reduction  of  IL-2  expression  in  cells  coinfected  by  rVV-p53/rVV-mlL2  in  vitro.  C6 
glioma  cells  (1x106/well)  were  plated  in  6-well  plate  and  infected  with  rVV-mlL2  or  rVV- 
p53/rW-mlL2  at  0.2  PFU  of  each  virus.  Supernatants  were  collected  at  6,  24,  48,  72 
and  96  h  and  measured  for  IL-2  by  ELISA. 

Fig.  2.  Reduction  of  p53  expression  in  cells  coinfected  by  rW-p53/rVV-mlL2  in  vitro.  C6 
glioma  cells  (1x106/well)  were  plated  in  6-well  plate  and  infected  with  rVV-mlL2  or  rVV- 
p53/rW-mlL2  at  0.2  PFU  of  each  virus.  Cells  were  harvested  and  homogenized  in  lysis 
buffer  at  6,  24,  48,  72  and  96  h.  Proteins  (80  pg)  were  separated  by  12%  SDS- 
polyacrylamide  gel  electrophoresis  and  probed  with  primary  antibody  (DO-7,  vector 
laboratories,  Inc.).  The  blot  was  then  incubated  with  horseradish  peroxidase-conjugated 
secondary  antibody  and  developed  in  color  regent.  P53  expression  by  SW480  cell  line 
served  as  positive  control  and  wild  type  VV  served  as  negative  control. 

Fig.  3.  DNA  fragmentation  analysis.  C6  glioma  cells  were  infected  with  different 
recombinant  viruses  at  0.2  PFU  of  each  virus.  After  48  h,  DNA  was  extracted  and 
subjected  to  2%  agarose  gel.  Lane  1:  C6  cell  mock-infected;  Lane  2:  rVV2 :  Lane  3: 
rVV4;  Lane  4:  rVV2/rVV4;  Lane  5:  rVV-mlL2;  Lane  6:  rVV-p53;  Lane  7:  rVV-p53/rW- 


mlL2. 
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Fig.  4  Reduction  of  lac  Z  expression  in  C6  cells  co-infected  with  wtVV/rVV4.  C6  glioma 
cells  were  infected  with  wtVV,  rVV4,  or  wtW/rNAA*  at  indicated  MOI.  24  h  later,  lac  Z 
production  was  visualized  by  X-gal  staining  (A)  and  the  level  of  expression  was 
measured  by  chemoluminescent  method  (B). 

Fig.  5  Tumor  growth  inhibition  mediated  by  p53/cytokine  combination  therapy.  Mice 
bearing  s.c.  C6  tumors  of  similar  sizes  were  treated  with  recombinant  Ws  alone  and  in 
combination.  Tumor  growth  in  combination  groups  was  compared  with  saline,  virus 
control  and  single  agent  treated  groups.  rVV-p53/rVV-2-12  and  rVV-p53/rW-mlL12 
combination  therapy  showed  statistically  significant  antitumor  effect  (P<0.01  and 
P<0.05,  respectively). 

Fig.  6  In  situ  detection  of  p53  expression  and  apoptosis.  (A)  Paraffin-embedded  tumor 
sections  obtained  from  saline,  rVV2  control  and  rVV-p53  treated  animals  9  days  after 
virus  injection,  were  stained  for  p53  expression  by  immunohistochemistry.  (B)  Tumor 
sections  from  these  groups  were  also  stained  for  apoptosis  by  TUNEL  assay  as 
described  in  Material  and  Methods.  Original  magnification  xlOO 
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ABSTRACT 


The  generation  of  non-replicating  recombinant  vaccinia  viruses  (VV)  may  facilitate  the  use 
of  poxviral  vectors  in  research  and  clinical  use  as  a  safe  vector  of  recombinant  vaccines  and  gene 
therapy.  In  this  study,  we  analyze  the  gene  expression  by  VV  after  mild  treatment  with  psoralen 
and  UV-irradiation  (PUV)  that  introduces  cross-linking  of  double-stranded  DNA.  The  treatment 
inactivates  the  viral  replication  and  the  cell  lysis  without  abolishing  the  ability  of  the  virus  to 
infect  cells.  Recombinants  VVs  expressing  either  reporter  genes  6-galactosidase  ( lacZ)  and 
firefly  luciferase  (luc),  or  tumor  suppressor  p53  under  the  control  of  early  (PI  3)  and  synthetic 
early/late  (PE/L)  vaccinia  promoters  have  been  constructed  and  investigated.  CV-1  cells  infected 
with  PUV-inactivated  virus  iL-15  effectively  expressed  reporter  under  the  control  of  the  PE/L 
viral  promoter.  Overproduction  of  p53  protein  in  C6  glioma  cells  was  demonstrated  by  ELISA 
assay  in  the  cells  infected  with  non-replicating  iVV-TK-53  virus.  Approximately  40%  and  88% 
of  C6  glioma  cells  infected  with  iVV-TK-53  virus  underwent  apoptosis  on  day  2  and  7, 
respectively,  while  80%  of  cells  infected  with  control  virus  iL-15  or  mock-infected  cells 
remained  viable  on  day  7.  In  ex  vivo  experiment,  infection  of  C6  cells  with  non-replicating  iW- 
TK-53  inhibited  the  tumor  growth  in  nude  mice.  This  method  of  generation  of  non-replicating 
vaccinia  virus  vectors  may  be  applied  to  any  attenuated  or  virulent  vaccinia  virus  strain  for 
infection  of  wide  host  range. 


Key  Words:  vaccinia  virus;  gene  therapy;  p53 


INTRODUCTION 


Most  of  currently  used  gene  delivery  vectors  based  on  viruses,  such  as  adenoviruses, 
retroviruses,  herpesviruses,  or  adeno-associated  viruses,  have  been  manipulated  to  provide  safe, 
replication-deficient  versions  of  the  virus  for  gene  therapy  (see  review  by  Boulikas,  1998). 
Vaccinia  virus  (VV)  has  been  successfully  used  in  gene  therapy  in  several  studies  (Meko  et  al., 
1995;  Qin  and  Chatterjee,  1996;  Uzendoski  et  al.,  1997)  its  potential  remains  to  be  investigated 
in  various  therapy  models.  Previously,  we  have  demonstrated  that  live  VV  can  be  used  for  cancer 
gene  therapy  purposes  (Gridley  et  al.,  1998;  Timiryasova  et  al.,  1999b).  W  has  certain 
advantages  over  other  viral  vectors,  like  large  cloning  capacity,  efficient  gene  expression, 
cytoplasmic  site  of  replication.  In  addition,  VV  infects  a  broad  spectrum  of  human  and  animal 
tumor  cells.  A  specific  feature  of  VV  development  is  that  all  enzymes  necessary  for  early  gene 
transcription  are  packaged  in  the  infecting  virus  particle  (Moss,  1996)  and  therefore,  early  genes 
expression  is  independent  of  viral  replication.  Apparently,  it  depends  only  on  previous  assembly 
of  a  competent  viral  particle  and  a  subsequent  partial  uncoating  of  the  infecting  virus  after  entry 
into  infected  cell. 

The  lytic  activity  of  vaccinia  virus  may  contribute  to  enhanced  anti-tumor  immunity  by 
providing  a  source  of  tumor  antigens  that  can  lead  to  anti-tumor  effect  against  both  localized  and 
metastasized  tumors.  However,  the  infectious  and  cytopathic  nature  of  VV  limits  its  further  use 
in  individuals  suffering  from  immune  dysfunction  or  in  infants  with  eczema  (Fenner  et  al.,  1988; 
Graham  et  al.,  1993;  McElrath  et  al.,  1994;  Johnson  et  al.,  1994).  It  is  obvious  that  safer,  non¬ 
replicating  and  non-cytopathic  forms  of  VV  are  required  for  these  potential  users.  Several 
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approaches  have  recently  been  reported  to  enhance  the  safety  of  VV  as  vectors  of  immunizations 
(Taylor  et  al.,  1991;  Belyakov  et  al.,  1998;  Blanchard  et  al.,  1998).  Safety  concerns  of  VV 
vectors  have  been  addressed  by  the  engineering  of  host  range-restricted  poxviruses,  like  MVA 
strain  of  VV  (Carrol  and  Moss,  1997).  Recombinant  avipox  viruses,  such  as  canarypox  virus, 
could  be  also  useful  vector  system  that,  while  restricted  for  productive  replication  to  avian 
species,  yet  significant  gene  expression  occurs  (Taylor  and  Paoletti,  1988;  Wang  et  al.,  1995; 
Paoletti,  1996;  Fischer  et  al.,  1997;  Kawakita  et  al.,  1997;  Roth  et  al.,  1996).  Varies  degrees  of 
attenuation  can  be  achieved  by  deletion  of  one  or  more  genes  not  required  for  replication  in 
tissue  culture  (Kotwal  et  al.,  1989).  However,  genetically  constructed  non-replicating  poxviral 
vectors  require  special  host  cells  for  manipulation,  and  little  is  known  about  their  efficacy  in 
inoculated  mammals. 

Recently,  it  has  been  shown  that  the  mild  treatment  of  VV  with  psoralen  and  long-wave 
UV  light  (PUV)  may  inactivate  viral  replication  but  the  virus  is  able  to  infect  cells  and  express 
viral  early  genes  (Tsung  et  al.,  1996;  Meko  et  al.,  1996;  Puhlmann  et  al.,  1999).  In  this  report, 
we  optimized  the  PUV-treatment  of  recombinant  VV  strains  expressing  a  tumor  suppressor  gene 
p53  and  reporter  genes,  and  investigated  the  effectiveness  of  non-replicating  virus-mediated  p53 
gene  therapy  of  cancer  cells. 


RESULTS  AND  DISCUSSION 


Replication-deficient  W 

Theoretically,  a  few  cross-links  in  the  large  genome  of  VV  should  be  sufficient  to  inhibit 


replication  without  impairing  the  locally  confined  viral  early  transcription.  To  make  VV 
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replicative  deficient,  the  recombinant  viruses  were  treated  with  psoralen  and  irradiated  with  long¬ 
wave  UV-light  as  described  under  Materials  and  Methods.  Inactivation  of  VV  replication  and 
abolishing  of  cytopathic  effect  were  achieved  by  incubating  of  virus  (3xl08pfu/ml)  with  1  pg/ml 
of  psoralen  and  UV  irradiation  for  5  min,  resulting  in  almost  100%  inhibition  of  replication. 
Lytic  effects  of  replicating  rL-15  and  inactivated  iL-15  viruses  were  analyzed  by  plaque  assay  on 
CV-1  cells  (Fig.  1).  No  virus  plaques  were  observed  in  the  cells  infected  with  iL-15  virus  even  at 
m.o.i.  30  pfu/cell  as  well  as  in  mock-infected  cells.  Non-replicating  viruses  did  not  cause 
cytopathic  effects  either.  Numerous  viral  plaques  were  visualized  in  the  cells  infected  with  live 
rL-15  virus  after  10-5  dilution  (m.o.i.  =  0.0003  pfu/cell).  These  data  are  in  agreement  with  known 
effect  of  psoralen  on  viral  genome  (Hanson  et  al.,  1978)  and  with  recent  studies  on  PUV- 
inactivated  VV  (Tsung  et  al.,  1996;  Puhlmann  et  al.,  1999). 

Replication-deficiency  of  UVP -inactivated  viruses  was  confirmed  by  experiment  with 
incorporation  of  [3H]-thymidine.  As  shown  in  Fig.  5,  no  significant  difference  in  mean  dpm  of 
incorporated  [3H] -thymidine  was  observed  in  mock-infected  cells  (10942.51)  and  cells  infected 
with  iVV-TK-53  (1 1247.45).  However,  statistically  significant  difference  (p=0.003)  was  found  in 
the  cells  infected  with  replicating  control  virus  as  compared  to  mock-infected  and  iVV-TK-53- 
infected  cells. 

The  ability  of  PUV-inactivated  VV  to  replicate  was  also  investigated  plaque  assay  in  C6 
cells  infected  at  a  m.o.i.  5.  On  day  6  after  infection,  the  C6  cells  were  harvested  and  samples 
were  titered  in  duplicate  on  monolayers  of  CV-1  cells.  No  virus  plaques  were  observed  on  CV-1 


cells  at  72  h  after  infection. 
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Expression  of  luciferase  by  inactivated  vaccinia  virus 

To  compare  the  promoter  strength  and  duration  of  luciferase  expression  by  replicating 
versus  inactivated  virus  we  constructed  VV  recombinants  expressing  reporter  genes  under  the 
control  of  either  early  (P13)  or  early/late  (PE/L)  promoters  (Fig.  2).  CV-1  cells  were  infected 
either  with  replicating  or  inactivated  viruses  at  an  m.o.i.  5,  and  at  indicated  time  post-infection 
the  luciferase  activity  was  measured  (Fig.  3).  In  cells  infected  with  non-replicating  iL-5  virus  the 
expression  of  P13-driven  luciferase  was  obviously  higher  during  8-72  h  post-infection  as 
compared  with  the  replicating  rL-5  virus,  reaching  the  highest  value  at  18  h  (2.8xl03  versus 
1.3xl02  RLU). 

There  were  no  significant  differences  in  PE/L-driven  luc  gene  expression  during  72  h 
post-infection  in  cells  infected  with  either  replicating  or  non-replicating  forms  of  L-15  virus 
except  at  2  h  post-infection  when  the  luciferase  activity  of  rL-15  was  significantly  higher 
(p=0.008;  2. 3xl03  versus  3.6xl02).  Comparing  two  constructs,  PE/L-driven  expression  of  the  luc 
gene  mediated  by  iL-15  at  all  time  points  was  found  to  be  significantly  higher.  These  results 
confirmed  the  effective  functioning  of  the  early  promoter  of  the  PUV-inactivated  VV  which  is  in 
accordance  with  previously  reported  data  (Tsung  et  al.,  1996;  Pulman  et  al.,  (1999).  Enzymes 
and  protein  factors  required  for  early  transcription  are  presented  within  the  virus  particles  that  are 
activated  after  the  penetration  of  the  cell.  Therefore,  early  VV  genes  are  express  immediately 
upon  entry  of  the  virus  into  the  host  cell.  Early  transcription,  among  other  factors,  requires  the 
viral  RNA  polymerase  and  the  transcription  factor  VETF.  VETF  exhibits  early  promoter- 
specific  DNA-binding  activity  and  it  is  responsible  for  the  recruiting  of  the  RNA  polymerase 
(Broyles  et  al.,  1991;  Li  and  Broyles,  1993). 
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Expression  of  p53  protein  in  vitro  and  its  effects  on  the  cells 

The  strong  PE/L  vaccinia  promoter  was  chosen  to  construct  the  VV  expressing  wild-type 
human  p53  gene  (Fig.  2).  The  DNA  sequence  of  the  vaccinia  PE/L  promoter  contains  tandem 
early  and  late  promoters  allowing  a  continuous  moderate  level  of  gene  expression  (Mackett  et  al, 
1984).  Kinetics  of  virus-mediated  p53  expression  in  C6  glioma  cells  was  analyzed  using  ELISA. 
Maximum  expression  of  the  p53  protein  by  replicative  rVV-TK-53  virus  was  observed  on  day  1 
with  the  mean  yield  6650  ng/ml  (Fig.  4).  The  decline  in  p53  protein  synthesis  correlated  with  the 
decrease  in  number  of  living  cells  on  the  plate  due  to  cytopathic  effect  induced  by  the  rW-TK- 
53.  Kinetics  of  p53  synthesis  mediated  by  replication-deficient  iVV-YK-53  showed  striking 
differences.  During  first  3  days  after  infection  the  yield  of  the  p53  was  very  low,  around  50 
ng/ml.  However,  during  5-7  days  post-infection  rapid  increase  of  p53  protein  expression  was 
measured  with  the  mean  maximal  production  of  9042  ng/ml  (Fig.  4).  These  results  suggest  that  in 
iVV-TK-53-infected  cells  a  highly  stable  p53  protein  with  a  long  half  life  are  synthesized  and 
accumulated,  especially  on  days  5-7  post-infection.  This  is  in  an  agreement  with  previously 
reported  data  on  high  stability  of  recombinant  p53  overexpressed  by  VV  (Ronen  et  al.,  1992). 
Although  PUV-inactivated  virus-mediated  expression  is  limited  to  early  genes,  surprisingly,  Th 
extended  synthesis  of  p53  driven  by  early  promoter  is  surprising  because  expression  kinetics  of 
early  genes  of  replicating  vaccinia  virus  usually  ceases  at  the  onset  of  DNA  replication,  at  3-4  h 
postinfection.  Thus,  our  data  suggest  that  PUV-inactivated  VV  effectively  penetrate  the  cells  and 
induce  early  gene  expression.  After  that  the  infection  process  must  terminate  due  to  lack  DNA 
replication  that  plays  a  key  role  in  the  regulatory  process  and  is  required  for  expression  of  the 
intermediate  and  late  stage  genes  (Moss,  1996).  After  entry  of  the  virus  into  the  cytoplasm,  virus- 
associated  enzymes  transcribe  the  early  virus  genes.  The  membrane-bound  viral  core  remains 
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intact  and  the  encapsidated  transcriptional  machinery  directs  the  synthesis  of  early  mRNAs. 
These  genes  encode  factors  that  uncoat  the  virus  core,  transcription  factors,  enzymes  of 
nucleotide  biosynthesis  and  DNA  replication.  A  few  hours  after  the  initiation  of  infection,  the 
viral  core  undergoes  a  secondary  uncoating  process,  which  releases  the  genome  into  the 
cytoplasm  and  DNA  replication  occurs.  During  the  late  phase  of  infection  most  early  genes  are 
repressed  most  probably  mediated  by  some  late  gene  product(s).  Lack  of  these  late  functions  may 
maintain  early  genes  active.  The  half  life  of  RNA  polymerase  and  VETF  transcription  factor 
delivered  by  the  virion  may  determine  the  kinetics  of  early  gene  expression.  Long-lasting  early 
transcriptions  may  indicate  on  long  life  time  of  the  virus  transcripts  and  transcription  machinery 
delivered  by  the  virion.  Prevention  of  virus  DNA  replication  by  cross-linking  may  support 
extended  expression  of  early  gene,  and  overexpression  of  certain  viral  early  protein(s)  may 
mediate  this  process.  Alternatively,  in  spite  of  lack  of  DNA  replication,  the  mechanism  of  late 
transcription  factors  are  synthetized  activating  the  late  function  of  the  PE/L  promoter.  Future 
studies  are  needed  to  elucidate  the  molecular  mechanisms  of  early  gene  expression  of  inactivated 
VV. 

To  test  the  inhibition  of  C6  glioma  cell  growth  in  vitro  by  inactivated  recombinant  vaccinia 
virus  carrying  the  human  p53  gene  the  trypan  blue  exclusion  assay  was  used.  Normally,  VV 
virus  infection  is  lethal  and  is  followed  by  extensive  cytopathic  effects.  However,  despite  the  fact 
that  UVP-inactivated  virus  infection  is  accompanied  by  early  gene  expression,  the  infected  cells 
failed  to  exhibit  any  cytopathic  effects,  suggesting  that  infected  cells  survived  the  infection.  To 
asses  the  effects  of  iVV-TK-53  on  cell  viability,  C6  cells  were  incubated  with  iVV-TK-53  or  iL- 
15  control  viruses  (m.o.i.  =5)  and  the  number  of  live  C6  cells  was  determined.  Cells  infected 
with  iVV-TK-53  by  day  2  showed  reduced  survival  (Fig.  6),  and  by  day  7  less  than  20%  of  all 
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plated  cells  remained  live.  In  contrast,  C6  cells  infected  with  iL-15  control  virus  or  mock- 
infected  cells  continued  to  divide.  iVV-TK-53-mediated  growth  inhibition  correlated  with  the 
pattern  and  kinetics  of  p53  expression. 

Since  p53  gene-mediated  cell  growth  inhibition  is  realized  mainly  through  induction  of 
apoptosis  (Li  et  al.,  1997;  Timiryasova  et  al.,  1999a),  C6  cells  following  infection  with  iVV-TK- 
53  were  examined  by  in  situ  labeling  of  fragmented  DNA  (TUNEL).  Cells  infected  with  iW- 
TK-53  virus  showed  numerous  apoptotic  bodies  (Fig.  7),  while  mock-infected  cells  failed  to 
show  morphological  changes  at  all;  some  apoptosis  was  observed  in  the  cells  infected  with 
control  iL-15  virus.  These  data  are  in  agreement  with  our  previous  observations  on  apoptosis 
induced  by  live  VV  expressing  p53  protein:  apoptosis  induction  correlated  with  the  level  of  p53 
protein  production  (Timiryasova  et  al.,  1999a).  Data  rule  out  necrosis  as  a  possible  reason  of 
observed  morphological  changes  of  cells,  and  strongly  argue  for  apoptosis  as  a  predominant 
underlying  mechanism. 

Tumor  growth  inhibition 

To  determine  the  antitumor  effect  of  iVV-TK-53  in  animals,  C6  cells  were  infected  ex  vivo 
with  different  m.o.i.  of  PUV-inactivated  viruses,  and  injected  subcutaneously  into  nude  mice. 
The  control  mice  were  inoculated  with  mock-infected  cells  or  infected  with  control  iL-15  virus. 
On  day  12,  the  mean  tumor  volume  in  iVV-TK-53  (m.o.i.=10)  group  was  331.13  mm3,  while  in 
mock-infected  group  the  tumor  volume  reached  1345  mm3  (Fig.  8).  Thus,  iW-TK-53-infected 
cells  showed  significant  tumor  growth  inhibition  compared  with  mock  (p=0.0001)  or  iL-15 
(m.o.i  =1,  p=0.0001;  m.o.i.=10,  p=0.002).  No  significant  difference  was  found  between  two  iL- 
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15-infected  groups  with  different  m.o.i.,  and  between  iW-TK-53  (m.o.i.-l)  and  iVV-TK-53 
(m.o.i  =10)  groups. 

Thus,  infection  the  C6  glioma  tumor  cells  with  non-replicating  VV  expressing  tumor 
suppressor  p53  caused  an  effective  tumor  growth  inhibition  in  athymic  mice.  We  have 
previously  demonstrated  that  injection  of  C6  glioma  cells  infected  ex  vivo  with  live  VV  into 
athymic  mice  at  an  m.o.i.  of  1  delayed  tumor  growth  due  to  effective  oncolytic  effect  of  live  VV 
by  itself  (Timiryasova  et  al.,  1999,  in  vivo).  The  results  of  this  experiment  indicate  on  effective 
p53-mediated  inhibition  of  tumor  growth  although  none  of  the  animals  were  eventually  cured 
from  the  tumor.  Apparently,  further  improvements  of  non-replicating  VV  vectors  are  needed  to 
ensure  stable  and  high  level  of  expression  of  therapeutic  genes  in  cell  culture  and  in  vivo.  The 
strategy  of  combined,  e.g.  p53  and  radiation,  or  p53  and  cytokine,  treatments  based  on  PUV- 
inactivated  W  seems  to  be  an  attractive,  especially  for  cancer  gene  therapy. 

In  summary,  we  developed  a  non-replicating  recombinant  VV  vector  encoding  and 
overproducing  wild  type  human  p53  in  infected  cells.  The  recombinant  virus  inhibits  glioma  cell 
growth,  induces  cell  apoptosis  and  significantly  delayed  the  tumor  growth.  Unique  properties  of 
VV  can  be  exploited  for  construction  of  improved  safe  vectors  for  gene  therapy. 

MATERIALS  AND  METHODS 


Cell  culture 

Cell  lines  were  obtained  from  the  American  Type  Culture  Collection  (Rockville,  MD).  The 
rat  C6  nitrosourea-induced  glioma  cell  line,  originally  established  by  (Benda  et  al.,  1968)  was 
cultured  in  RPMI  -  1640  medium  (Cellgro/Mediatech,  Inc.,  Herndon,  Virginia)  supplemented 
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with  10%  fetal  bovine  serum  and  antibiotic- antimycotic  solution  (Sigma  Chemical  Co.,  St. 
Louis,  MO).  CV-1  African  green  monkey  kidney  fibroblasts  were  maintained  in  Dulbecco  s 
modified  Eagles  medium  containing  5%  fetal  bovine  serum  and  antibiotic-antimycotic  solution 
(Sigma). 

Constructions  of  plasmids 

ipVNP13-luc.  The  cDNA  encoding  luciferase  gene  (luc)  of  firefly  Photinus  pyralis  was 
isolated  by  digestion  with  restriction  enzymes  BamHl  and  Hindlll  from  plasmid  pl9pL27 
(Krausova  et  al.,  1991)  and  cloned  into  the  Smal-SaB  sites  of  pWS4  kindly  provided  by  Dr.  R. 
Domburg  (Sheay  et  al.,  1993),  resulting  in  pWL7.  The  DNA  sequence  of  early  vaccinia  virus 
promoter  P13,  containing  in  5’-end  site  of  Sacl  and  in  3’-end  site  of  BamHl  (43bp)  for  easy 
cloning  (G  ATCC  AAT  AAAAAT  AAATTTTTTTT  C  ATTT  ATCT  AT  AT  G  AGGT)  was 

synthesized  and  inserted  into  pUC28  (Benes  et  al.,  1993)  digested  with  Sad  and  BamHl, 
resulting  in  pUCP13.  Sacl-BamHl  fragment  from  pUCP13  was  cloned  into  pWL7  digested  with 
Sacl  and  BamHl,  resulting  in  pWLP13.  The  luc  gene  was  isolated  from  pWLP13  by  digestion 
with  Sacl  and  BgUl  and  cloned  into  the  Smal  site  of  pVNl,  a  transfer  vector  for  homologous 
recombination  with  the  Hindlll-N  locus  of  the  vaccinia  (Timiryasova  et  al.,  1999  in  vivo), 
resulting  in  pVNP13-luc,  which  was  used  for  construction  of  recombinant  vaccinia  virus  L-5. 

pSCl  5.  Transfer  vector  pSC65  for  insertion  of  foreign  genes  into  TK-region  of  vaccinia  was 
kindly  provided  by  Dr.  B.Moss  (Chakrabarti  et  al.,  1997).  cDNA  of  luciferase  was  isolated  from 
pl914  (Krausova  et  al.,  1986)  by  Hindlll  and  Smal  and  inserted  into  Sail  site  of  pSC65.  New 
plasmid  pSC15  was  used  for  construction  of  recombinant  virus  L-15. 
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pSCp53.  BamUl-Bglll  fragment  from  pWS-53  (Timiryasova  et  al.,  1999  in  vitro)  encoding 
the  human  wild-type  p53  gene  was  cloned  into  the  Sail  site  of  pSC65,  resulting  in  pSCp53.  New 
plasmid  pSCp53  was  used  for  construction  of  recombinant  virus  VV-TK-53. 

Viruses 

Lister  (LIVP)  strain  of  vaccinia  virus  (Timiryasova  et  al.,  1993)  was  used  in  these 
experiments  as  a  parental  virus.  The  recombinant  vaccinia  viruses  (VV)  (Fig.  2)  were  constructed 
by  homologous  recombination.  L-5  virus  encodes  the  luciferase  and  [3-galactosidase  genes  at  the 
7T/«d7//-N-locus  of  the  genome.  L-15  contains  two  reporter  genes  (luc  and  lac  Z)  inserted  into 
thymidine  kinase  region  of  VV.  Recombinant  virus  VV-TK-53  is  similar  to  L-15  differing  only 
in  the  expression  of  foreign  gene.  VV-TK-53  encodes  the  human  wild-type  p53  gene  instead  of 
luc  gene  in  the  L-15  construct.  Infection  of  the  cells  was  carried  out  at  a  multiplicity  of  infection 
(m.o.i.)  of  5  or  10  plaque-forming  units  (pfu)  per  cell.  Virus  suspension  was  added  to  cell 
monolayers  (0.5  ml/60-mm  dish;  0.25ml/well  on  6-well  plate)  and  incubated  at  37°C  for  1  h  with 
brief  agitation  every  10  min.  Then,  the  virus  was  removed,  cells  were  washed  once  with  serum 
free  medium,  complete  growth  medium  was  added,  and  the  cells  were  incubated  at  37°C. 

Inactivation  of  VV  by  PLWUV  treatment 

Vaccinia  virus  with  the  titer  of  3xl08pfu/ml  was  incubated  with  lpg/ml  of  psoralen  at  room 
temperature  for  10  min,  and  then  irradiated  for  5  minutes  in  a  Stratalinker  1800UV-cross-linking 
unit  (Stratagene,  La  Jolla,  CA)  equipped  with  five  365  nm  long-wave  UV  bulbs  as  described 
(Tsung,  1996).  The  remaining  viral  infectivity  has  been  determined  by  viral  plaque  forming 
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assay  on  CV-1  cell  monolayer  and  was  expressed  as  logt0pfu/ml.  At  72  h  postinfection  the  cells 
were  stained  with  50%  of  crystal  violet  solution  in  ethanol. 

[3H]-Thymidine  uptake  assay 

Inactivation  of  viral  DNA  replication  was  assessed  in  96-well  plates  on  CV-1  cells  mock- 
infected  or  infected  with  replicating,  or  psoralen-UV-treated  viruses  at  an  m.o.i.  5  pfu/cell.  The 
plates  were  incubated  at  37°C  in  5  %  C02  for  1,  6,  7  days.  During  the  last  4  h  the  cells  were 
incubated  in  the  medium  containing  [3H]-thymidine  at  1  pCi/well.  The  cells  were  harvested  with 
a  multiple  sample  harvester,  and  the  amount  of  [3H] -thymidine  incorporated  into  cell  DNA  was 
counted  in  a  liquid  (3-scintillation  counter.  CV-1  cells  used  in  the  assay  were  rendered 
nonreplicating  by  treatment  with  100  ng/ml  of  psoralen  and  with  UV-irradiation  for  10  min.  The 
results  are  expressed  as  disintegrations  per  minute  (dpm). 

Luciferase  assay 

CV-1  cells  were  infected  with  replicating  (rL-5  or  rL-15)  or  inactivated  (iL-5  or  iL-15) 
viruses  at  an  m.o.i.  5  pfu/cell.  At  specified  time  points  following  infection,  the  cells  were 
harvested  and  resuspend  in  a  reporter  lysis  buffer  (Luciferase  assay  kit,  Promega,  Madison,  WI) 
as  described  previously  (Timiryasova,  1999  in  vivo).  Luciferase  activity  was  measured  in  the 
supernatants  using  ML300  microplate  luminometer  (Dynatech  Lab.,  Inc.,  Chantilly,  VA).  Results 
are  expressed  as  relative  light  units  (RLU)  normalized  to  lxl  06  cells. 
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ELISA  of  p53  protein 

Quantitation  of  p53  protein  in  C6  rat  glioma  cells  infected  with  replicating  (rVV-TK-53)  or 
inactivated  (iVV-TK-53)  viruses  was  determined  by  ELISA  assay  (Pantropic  p53  rapid  format 
ELISA,  Oncogene  Research  Products,  Cambridge,  MA)  according  to  the  instructions  of  the 
manufacturer.  In  brief,  C6  rat  glioma  cells  grown  in  6-well  plate  were  mock-infected  or  infected 
with  viruses  at  an  m.o.i.  of  5  pfu/cell.  The  culture  medium  was  changed  every  two  days.  At 
specific  time  point,  supernatant  from  cells  was  removed  and  the  cells  were  harvested  by  scraping. 
Pellet  was  washed  by  phosphate  buffer  and  resuspend  in  lysis  buffer  (50  mM  tris,  pH  7.4,  5  mM 
EDTA,  0.2  mM  PMSF,  1  pg/ml  aprotinin)  containing  antigen  extraction  agent  (provided  in  kit), 
and  incubated  30  min  on  ice  with  occasional  vortexing.  Then  the  extract  was  centrifuged  for  5 
min  and  the  supemantant  was  used  for  ELISA.  Absorbance  was  measured  using  a 
spectophotometric  plate  reader  (MRX  Revelation,  DYNEX  Technologies,  Inc.,  Chantilly,  VA)  at 
dual  wavelengths  of  450/570  nm.  Experiments  were  repeated  three  times.  The  results  were 
expressed  as  ng/ml. 

Analysis  of  the  cell  viability 

The  viability  of  C6  rat  glioma  cells  was  determined  using  trypan  blue  exclusion  assay. 
Glioma  cells  (6xl04  cells/well)  were  seeded  in  24- well  plates  for  18  h  before  infection.  The  cells 
were  mock-infected  or  infected  with  nonreplicating  control  virus  (iL-15)  or  expressing  p53  virus 
(iVV-TK-53)  at  an  m.o.i.  of  5  pfu/cell.  At  specific  time  point,  cells  were  trypsinized  and  counted. 
Duplicated  samples  of  each  treatment  were  counted. 
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TUNEL  assay 

Apoptosis-related  DNA  strand  breaks  were  detected  by  terminal  deoxynucleotidyl 
transferase-mediated  dUTP  nick  end  labeling  of  DNA  (TUNEL;  in  situ  cell  death  detection  kit, 
fluorescein,  Roche  Molecular  Biochemicals,  Indianapolis,  USA)  as  described  previously 
(Timiryasova  et  al.,  1999  in  vitro)  with  some  modifications.  Glioma  cells  were  seeded  on 
coverslips  24  h  prior  to  infection  with  5  pfu/cell  of  recombinant  viruses.  Six  days  after  virus 
infection,  the  air-dried  cells  were  fixed  with  4%  paraformaldehyde  for  30  min  at  room 
temperature,  washed  three  times  with  PBS,  and  then  permeabilized  with  0.1%  triton  X-100  in 
0.1%  sodium  citrate  for  2  min  at  room  temperature  and  for  2  min  on  ice.  After  several  washes  in 
PBS,  the  cells  were  incubated  with  the  TUNEL  reaction  mixture  containing  fluorescein- 
conjugated  dUTP  for  60  min  at  37°C  in  a  humidified  atmosphere  in  the  dark  as  specified  by  the 
manufacturer  (Roche  Molecular  Biochemicals).  After  three  times  washes  with  PBS  samples  were 
directly  analyzed  using  a  fluorescence  microscope. 

Animals  and  tumor  induction 

Athymic  nude  mice  ( nu/nu ;  Charles  River  Lab.,  Inc.,  Wilmington,  MA)  at  6-7  weeks  of 
age  were  used  for  animal’s  studies.  Biosafety  level  2  precautions  were  implemented  during 
housing  and  handling  of  the  animals,  as  described  in  Guidelines  for  Research  Involving 
Recombinant  DNA  Molecules  (NIH  Guidelines,  1994).  Euthanasia  by  rapid  C02  asphyxiation 
was  performed  in  compliance  with  the  NIH  Guide  for  Care  and  Use  of  Laboratory  Animals.  All 
animals  care  was  performed  under  the  direction  of  a  licensed  veterinarian.  The  study  was 
approved  prior  to  initiation  by  the  University  Animal  Research  Committee. 
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For  ex  vivo  experiments,  C6  glioma  cells  were  infected  with  the  inactivated  (1  pg/ml  of 
psoralen  and  5  min  UV-irradiation)  viruses  (iVV-TK-53  or  iL-15)  at  an  m.o.i.  1  or  10  pfu/cell  at 
37  °C  for  60  min,  washed  with  PBS  to  remove  free  viral  particles,  and  cultured.  At  24  h  post¬ 
infection,  cells  were  collected,  counted,  and  injected  sc  in  the  right  hind  flank  of  athymic  mice  (3 
x  105  viable  cells/animal).  Mock-infected  cells  were  injected  into  mice  and  used  as  a  positive 
control.  The  tumor  volume  was  calculated  as  described  previously  (Gridley  et  al.,  1998; 
Timiryasova  et  al.,  1999  in  vivo).  All  mice  were  euthanized  when  the  mean  tumor  volume  in 
control  group  reached  2000  mm3. 

Statistical  analysis 

The  data  were  assessed  by  one-way  analysis  of  variance  (ANOVA)  Tukey’s  HSD  test  and 
student  t-test.  A  p-value  of  <0.05  was  considered  to  indicate  significant  differences.  These 
analyses  were  performed  using  Statgraphics  software  version  9.0  (SPSS,  Inc.  Rockville,  MD). 
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FIGURE  LEGENDS 

FIG.  1.  Analysis  of  inactivated  virus  by  titration.  The  remaining  viral  infectivity  of  the  PUV 
inactivated  virus  was  determined  on  CV-1  cell  monolayer.  rL-15,  replicating  virus;  iL-15, 
nonreplicating  virus;  n/d,  30  pfu/cell;  -1,  3  pfu/cell;  -2,  0.3  pfu/cell;  -3,  0.03  pfu/cell;  -4,  0.003 
pfu/cell;  -5,  0.0003  pfu/cell. 

FIG.  2.  Schematic  representation  of  the  recombinant  viruses.  L-5  virus  contains  the  luciferase 
gene  (luc)  of  firefly  Photinus  pyralis  and  P-galactosidase  (lac  Z)  of  E.  coli  at  the  f/mc/III-N-locus 
of  VV.  L-15  contains  two  reporter  genes  (luc  and  lac  Z)  inserted  into  thymidine  kinase  region  of 
W.  Recombinant  virus  W-TK-53  is  similar  to  L-15  differing  only  in  the  expressed  foreign 
gene.  VV-TK-53  contains  the  human  wild-type  p53  gene  instead  of  luc  gene  in  the  L-15 
construct.  Abbreviations:  P7.5,  vaccinia  early/late  promoter;  Pll,  vaccinia  late  promoter;  P13, 
synthetic  vaccinia  early  promoter;  PE/L,  synthetic  vaccinia  early/late  promoter;  NL  and  NR;  TKL 
and  TLr,  refer  to  segments  of  vaccinia  genome  that  include  the  left  and  right  portions  of  Hindlll- 
N-  and  TK-regions,  respectively;  luc,  luciferase  gene;  lac  Z,  P-galactosidase  gene;  p53,  human 
wild-type  p53  gene. 

FIG.  3.  Luciferase  expression.  CV-1  cells  were  infected  with  replicating  (rL-5  or  rL-15)  or 
inactivated  (iL-5  or  iL-15)  viruses  at  an  m.o.i.  of  5  pfu/cell.  At  specified  time  points  following 
infection,  the  cells  were  harvested,  lysed  and  analyzed  by  luminometer. 

FIG.  4.  p53  expression.  Cells  were  infected  at  an  m.o.i.  of  5  pfu/cell  and  harvested  at  the 
indicated  times.  Quantitation  of  p53  protein  in  C6  rat  glioma  cells  infected  with  replicating 
(rVV-TK-53)  or  inactivated  (iVV-TK-53)  viruses  was  determined  by  ELISA  assay. 
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FIG.  5.  [3H] -Thymidine  uptake.  Inactivation  of  viral  DNA  replication  was  assessed  on  CV-1 
cells  mock-infected  or  infected  with  replicating,  or  PUV  inactivated  viruses  at  an  m.o.i.  of  5 
pfu/cell  in  96-well  plates.  The  plates  were  incubated  at  37°C  in  5  %  C02  for  1,  6,  7  days.  During 
the  last  4  h  the  cells  were  incubated  in  the  medium  containing  [3H]-thymidine  at  1  pCi/well.  The 
amount  of  3H-TdR  incorporated  into  cell  DNA  was  counted  in  a  liquid  p-scintillation  counter. 
Average  values  of  two  independent  experiments  are  shown;  a,  statistically  significant  difference 
compared  with  other  two  groups. 

FIG.  6.  Viability  of  C6  cells.  Effect  of  the  tumor  suppressor  p53  expressed  by  nonreplicating 
VV-TK-53  virus  on  the  viability  of  C6  rat  glioma  cells  was  determined  using  trypan  blue 
exclusion  assay.  Duplicated  samples  of  each  treatment  were  counted. 

FIG.  7.  Detection  of  apoptosis  in  situ.  C6  rat  glioma  cells  were  seeded  on  glass  coverslips,  and 
on  next  day  were  mock-infected,  or  infected  with  nonreplicating  control  (iL-15)  or  p53- 
expressing  (iVV-TK-53)  virus  at  an  m.o.i.  of  5  pfu/cell.  In  6  days  after  the  infection,  apoptosis- 
related  DNA  strand  breaks  were  detected  by  TUNEL  assay.  The  samples  were  directly  analyzed 
using  a  fluorescence  microscope.  Brightly  stained  green  cells  were  undergoing  apoptosis. 
Magnification  xlOOO. 

FIG.  8.  Tumor  growth  inhibition.  Athymic  mice  were  injected  sc  with  3xl05  of  mock-infected 
C6  glioma  cells  or  infected  with  iL-15  or  iW-TK-53  at  m.o.i.  of  5  and  incubated  for  24  h  prior 
injection.  Results  of  a  representative  experiment  are  shown. 
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DESCRIPTION  AND  PERFORMANCE  SITES  (Form  B) 

DESCRIPTION: 


The  project  goal  is  to  determine  the  efficacy  and  safety  of  recombinant  vaccinia  treatment  combined  with  radiation  therapy 
against  a  highly  malignant  tumor  in  a  cost-effective  preclinical  model.  The  ultimate  goal  of  our  research  program  is  to  help  increase 
the  survival  and  quality  of  life  for  children  and  adults  diagnosed  with  cancer  in  this  country  and  around  the  world.  Our  preclinical 
research  addressing  innovative  combined  therapies  can  be  rapidly  translated  into  clinical  protocols  and  thus.  finding  should  be  a 
priority  for  cancer  research.  In  this  project,  the  most  common  primary  tumor  arising  in  the  human  brain  will  be  investigated  in  an 
animal  model. 

Previously,  we  proposed  a  novel  strategy  of  glioblastoma  treatment  based  on  combined  gene  therapy  and  immunotherapy  of 
tumors  usingvaccinia  viruses  expressing  tumor  suppressor  gene  p53,  and  cytokines  IL-2andIL-12.  The  effectiveness  of  this  combined 
approach  currently  is  under  investigation  and  mid-year  results  have  been  included  in  this  application  (see  Progress  Report);  the  project 
is  funded  by  NMTB  (1998).  Here,  we  propose  to  develop  a  new  strategy  of  increasing  the  sensitivity  of  malignant  cells  to  the  lethal 
effects  of  radiation  using  therapeutic  vaccinia  viruses.  Our  recent  data  indicate  that  virus-mediated  gene  therapy  combined  with 
ionizing  radiation  may  drastically  reduce  the  tumor  growth.  This  innovative  strategy  is  expected  to  increase  both  the  efficacy  and 
safety  of gene  (and  immune-)  therapy  and  radiotherapy  for  brain  tumors  and  other  highly  malignant forms  of  cancer. 

Specific  aim  1  of  the  project  is  to  determine  the  molecular  mechanisms  and  efficacy  of  combined  virus  and  radiation  treatment 
in  vitro,  which  will  be  accomplished  by  conducting  five  consecutive  experiments  on  two  glioma  cell  lines.  Specific  aim  2  is  to  determine 
the  efficacy  and  safety  of  combined  vaccinia  and  ionizing  radiation  treatment  of  subcutaneous  tumors,  which  will  be  accomplished  by 
two  separate  experiments.  Specific  aim  3  is  to  evaluate  the  anti-tumor  effect  of  combined  treatment  in  an  intracranial  glioma  model. 

The  project  will  contribute  to  gene  therapy  and  radiotherapy  researches  for  cancer  in  two  ways  which  may  ultimately  improve 
national  health  care.  First,  we  are  developing  a  safer  and  more  efficacious  gene  therapy  vector  system  which  can  deliver  any  desired 
combination  of  several  therapeutic  genes.  And  second,  we  are  evaluating  for  the  first  time  the  combination  of  vaccinia-mediated  gene 
therapy  and  radiotherapy. 
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Table  2.  Hematological  variables  in  blood  from  mice  in  Phase  A 


Ervthrocvtes 

Platelets 

WBC 

Time3 

Group 

No.  of  cells 
(xl06/mll 

Hemoglobin 

(e/dll 

Hematocrit 

(%) 

(xl03/mll 

(xl06/mH 

No  tumor 

7.61+/  0.34b 

13.3+/-0.5 

40.1+/- 1.7 

383+/-67 

6.97+/-0.96 

18  hr 

Tumor-bearing: 

PBS 

7.60+/-0.56 

13.7+/-0.9 

41.6+/-2.8 

450+/-1 14 

4.16+/-0.56 

pGLl-TNF  (15|xg) 

6.99+/ 0.14 

12.8+/-0.3 

38.3+/-0.9 

368+/-79 

6.09+/-0.68 

pGLl-TNF  (150pg) 

7.33+/ 0.1 8 

13.1+/-0.3 

39.3+/-0.9 

391+/-77 

5.91+/-0.71 

pGLl-TNF  (450 pg) 

7.16+/-0.09 

13.2+/ 0.2 

39.1+/-0.4 

193+/-33 

5.84+/-0.49 

72  hr 

PBS 

6.94+/-0.12 

12.6+/-0.2 

37.8+/-0.5 

620+/-23 

5.88+/-0.37 

pGLl-TNF  (15  (xg) 

6.01+/ 0.62 

11.2+/-1.1 

32.8+/-3.4 

603+/-104 

5.26+/-0.17 

pGLl-TNF  (150pg) 

6.85+/-0.15 

12.5+/-0.3 

36.8+/  0.8 

465+/-  43 

7.70+/-0.271 

pGLl-TNF  (450pg) 

6.23+/-0.68 

11. 5+/- 1.2 

33.9+/-3.7 

237+/-  54e 

7.71+/-0.90 

168  hr  PBS 

6.05+/  0.36c 

11.2+/- 0.6 

32.2+/- 1.9C 

226+/-59 

8.62+/-0.69 

pGLl-TNF(15pg) 

5.53+/  0.31c 

10.5  +/-  0.5C 

30.9+/-1 .5° 

302+/-29 

6.97+/-0.67 

pGLl-TNF  (150pg) 

6.33+/-0.1  lc 

11.8+/- 0.2 

34.4+/-0.6 

328+/-64 

8.21+/-0.66 

pGLl-TNF  (450  pg) 

4.89+/-0.40c,d  9.4  +/-  0.7c’d  26.9+/-2.0cd 

379+/-34 

8.08+/- 1.01 

aTime  after  i.t.  injection  of  pGLl-TNF-a. 


bMean  +/-  SEM;  n  =  5-7  mice/group/time  point. 
CP<0.05  vs  no  tumor. 

dP<0.05  vs  pGLl-TNF  (150  pg)  at  168  hr. 
eP<0.01  vs  PBS  and  pGLl-TNF  (15  pg)  at  72  hr. 
fP<0.05  vs  pGLl-TNF  (150pg)  at  72  hr. 
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INTRODUCTION 

Transformation  of  a  normal  cell  to  its  malignant  counterpart  is  the  result  of 
multiple  genetic  changes  that  include  inactivation  of  tumor-suppressor  genes.  P53 
gene  is  the  mostly  studied  tumor  suppressor  gene  and  the  most  frequent  target  of 
genetic  alterations  in  human  cancers.  P53  mutation  or  protein  inactivation  was 
found  in  63  to  65%  of  high  grade  and  63%  of  low-grade  astrocytomas  1,z.  The 
malignant  form,  glioblastoma  multiforme,  is  the  commonest  tumors  derive  from 
glial  precursors  and  the  second  leading  cause  of  cancer  death  in  children  younger 
than  15  years  of  age. 

Therapeutic  strategies  designed  to  restore  wild-type  p53  protein  activity  in 
cancer  cells  are  particularly  appealing.  Indeed,  several  studies  have  demonstrated 
that  introduction  of  wild-type  p53  by  virus-mediated  delivery  can  suppress  growth 
in  a  number  of  human  cancer  cell  lines  in  vitro  and  in  vivo3'5.  Replacement  of 
mutated  p53  genes  may  present  alternatives  to  conventional  therapy,  although  p53 
treatment  alone  may  not  be  sufficient  to  cure  the  patients.  Strategy  of  combined 
therapy  by  p53  with  other  antitumor  agents,  like  cytokine,  may  be  more  effective 
approach  for  in  vivo  treatment  of  cancer.  Potential  vectors  of  gene  delivery  for 
human  gene  therapy  include  adenovirus,  herpes  simplex  virus,  adeno-associated 
virus,  poxvirus,  or  non-viral  plasmid  DNA.  Compared  to  other  virus  vectors 
vaccinia  virus  (VV),  a  poxvirus,  is  a  particularly  attractive  vector  due  to  its  wide 
host  range,  large  cloning  capacity,  cytoplasmic  site  of  viral  replication,  and  high 
efficiency  of  foreign  gene  expression6.  The  safety  and  efficacy  of  live  vaccine 
strains  of  VV  was  successfully  demonstrated  in  the  smallpox  eradication  program 
and  in  vaccine  trials  for  a  number  of  animal  and  human  infectious  diseases6.  In 
our  laboratory,  the  attenuated  VV  strain  Lister  has  been  used  for  many  years.  The 
safety  and  efficacy  of  this  VV  strain  has  been  confirmed  in  our  previous  animal 
and  human  vaccination  studies  7-10  and  in  studies  on  cancer  gene  therapy11'13. 
Recombinant  VV  expressing  immune  modulators,  such  as  interleukin-2  14'18, 
interleukin- 121 8-21  and  other  cytokines  17’22'25,  have  been  proved  to  produce 
authentic  proteins  both  in  vitro  and  in  vivo  and  induce  anti-tumor  immunity  in 


various  animal  tumor  models.  Interleukin  2  (IL-2)  and  interleukin  12  (IL-12) 
seem  to  be  potent  cytokines  that  possess  antitumor  activity  through  their  ability  to 
stimulate  the  cell-mediated  killing  activity  of  cytotoxic  T  lymphocyte  (CTLs),  to 
enhance  natural  killer  cell  (NK)  activity  and  to  activate  tumor  infiltrating 
lymphocytes  (TILs).  Recently,  Putzer  et  al  26  have  shown  that  combined 
intratumoral  delivery  of  p53  and  IL-2  genes  resulted  in  significant  regressions  in 
65%  of  treated  murine  breast  cancer.  Previous  studies  in  both  xenogeneic  and 
syngeneic  glioma  models  showed  that  intratumoral  IL-2  and  IL-12  production 
might  stimulate  an  immune  antitumor  response,  with  predominance  of  CD4,  CD8 
lymphocytes,  NK  cells,  neutrophils  and  activated  macrophages 27'30. 

In  this  study,  the  efficacy  of  Lister  VV  as  a  vector  of  IL-2  and  IL-12 
delivery  for  low  dose  cancer  immunotherapy  has  been  investigated  in  athymic 
mice  C6  glioma  model.  Athymic  nude  mice  model  may  simulate  immuno- 
deficient  individuals  or  cancer  patients  particularly  at  advanced  stages  which 
often  develop  impaired  T  cell  response  similar  to  nude  mice  due  to  the  disease 
itself,  radiotherapy  and/or  chemotherapy  .  We  performed  a  dose-escalation 
experiment  (10  PFU  to  107PFU)  to  determine  the  effective  dose  of  this  attenuated 
VV  for  the  inhibition  of  tumor  growth.  For  the  first  time  we  have  demonstrated 
that  low-dose  VV-mediated  cytokine  delivery  can  be  an  effective  strategy  for 
immunotherapy  of  glioblastomas  in  vivo. 

To  augment  an  antitumor  efficacy  and  minimize  cytokine  toxicity,  a 
study  was  performed  to  investigate  the  ability  of  tumor  inhibition  by  combination 
of  low  dose  rVV-mIL2  and  rVV-mIL12  and  high  dose  rVV-p53  in  a  C6  glioma 
model.  For  the  first  time,  we  have  demonstrated  that  two  different  recombinant 
viruses,  when  combined  at  ratio  10  to  2x1 07,  could  still  express  their  own 
transgene  in  vivo  and  synergistically  inhibit  tumor  growth. 

Specific  Aim  1 :  To  determine  the  efficacy  and  safety  of  live  recombinant 
vaccinia  mediated  cytokine  immunotherapy  combined  with  tumor  suppressor  p53 
gene  therapy  in  a  preclinical  model  of  highly  malignant  cancer.  To  achieve  the 
goal  three  experiments  were  planned  and  performed. 


Experiment  1.  Construction  of  recombinant  vaccinia  virus  vectors 
expressing  cytokines  IL-2  and  IL-12,  individually  and  combined. 

Experiment  2.  Determination  of  the  dose  response  for  vectors  producing 
IL-2  or  IL-12. 

Experiment  3.  Determine  the  efficacy  and  safety  of  combined  p53  gene 
therapy  and  IL-2  and  IL-12  immunotherapy. 

Specific  Aim  2:  To  determine  the  efficacy  and  safety  of  inactivated  recombinant 
vaccinia-mediated  gene  therapy  in  a  preclinical  model  of  highly  malignant  cancer. 


EXPERIMENTAL  METHODS 

Cell  lines.  CV-1  cells,  African  green  monkey  kidney  fibroblasts,  were  obtained 
from  the  American  type  Culture  Collection  (ATCC,  Rockville,  MD)  and 
maintained  in  Dulbecco’s  modified  Eagle’s  medium  containing  5%  fetal  bovine 
serum  and  antibiotic-antimycotic  solution  (Sigma  Chemical  Co.,  St.  Louis,  MO). 
The  Rat  C6  nitrosourea-induced  glioma  cell  line,  originally  established  by  Benda 
et  al 31  was  cultured  in  RPMI-1640  medium  (Cellgro/Mdiatech,  Inc.,  Herndon, 
Virginia)  supplemented  with  5%  fetal  bovine  serum  and  antibiotic-antimycotic 
solution. 

Animals.  Athymic  nude  mice  (male,  nu/nu)  were  purchased  from  Charles  River 
Breeding  Laboratories,  Inc.  (Wilmington,  MA)  at  5-6  weeks  of  age.  The  animals 
were  housed  in  self-contained  filter-top  cages  in  a  room  controlled  for 
temperature,  humidity,  and  a  12  h  day-night  cycle.  Autoclaved  bedding,  food  and 
water  were  provided.  At  the  time  of  sacrifice,  rapid  CO2  asphyxiation  was 
performed  in  compliance  with  the  NIH  Guide  for  the  Care  and  Use  of  Laboratory 
Animals.  The  study  was  approved  by  the  institutional  Animal  Research 
Committee. 


Construction  of  recombinant  vaccinia  viruses.  Details  were  presented  in  the 
Progress  Report.  LIVP  variant  of  the  attenuated  Lister  strain  of  VV  has  been  used 
in  this  study.  The  plasmid  (VR1110)  containing  mouse  IL-2  (mIL-2)  gene  and 
plasmid  (pSFG.IL-12.p40.L.Ap35)  carrying  mouse  IL-12  (mIL-12)  fusion  gene 
were  obtained  from  Dr.  Parker  (Vical,  Inc.,  San  Diego)  and  Dr.  Mulligan 
(Howard  Hughes  Medical  Institute,  Boston),  respectively.  Recombinant  viruses 
rVV-mIL2,  rVV-mIL12  and  rVV-2-12  carrying  mIL-2,  mIL-12  or  both  genes,  are 
described  in  Fig.l.  The  rVV2  strain  has  lacZ  gene  and  served  as  a  control  virus 
for  rVV-p53.  rVV4  has  the  insertion  of  two  genes  encoding  Photinus  pyralis 
luciferase  (luc)  and  the  Escherichia  coli  lacZ  at  the  TK  region  of  the  wild-type 
VV  (wt  VV)  (Fig.  Id).  All  recombinant  viruses  contained  a  copy  of  reporter  lacZ 
gene. 

pVNP13-luc.  The  cDNA  encoding  luciferase  gene  (luc)  of  firefly  Photinus  pyralis 
was  isolated  by  digestion  with  restriction  enzymes  BamHI  and  Hindlll  from 
plasmid  pl9pL27  32  and  cloned  into  the  Smal-SaB  sites  of  pWS4  kindly  provided 
by  Dr.  R.  Domburg  33,  resulting  in  pWL7.  The  DNA  sequence  of  early  vaccinia 
virus  promoter  P13,  containing  in  5’-end  site  of  Sacl  and  in  3 ’-end  site  of  BamHI 
(43bp)  for  easy  cloning  (GAT CC AAT AAAAAT AAATTTTTTTTC ATTT AT 
CTATATGAGGT)  was  synthesized  and  inserted  into  pUC28  34.  Then,  the 
plasmid  was  digested  with  Sacl  and  BamHI  resulting  in  pUCP13.  Sacl- BamHI 
fragment  from  pUCP13  was  cloned  into  pWL7  digested  with  Sacl  and  BamHI, 
resulting  in  pWLP13.  The  luc  gene  was  isolated  from  pWLP13  by  digestion  with 
.Sacl  and  Bglll  and  cloned  into  the  Smal  site  of  pVNl,  a  transfer  vector  for 
homologous  recombination  with  the  Hindlll-N  locus  of  the  vaccinia 8,  resulting  in 
pVNP13-luc,  which  was  used  for  construction  of  recombinant  vaccinia  virus  L-5. 
pSC15.  Transfer  vector  pSC65  for  insertion  of  foreign  genes  into  TK-region  of 
vaccinia  was  kindly  provided  by  Dr.  B.Moss 35.  cDNA  of  luciferase  was  isolated 
from  pi 914  32  by  Hindlll  and  Smal  and  inserted  into  Sail  site  of  pSC65.  New 
plasmid  pSC15  was  used  for  construction  of  recombinant  virus  L-15. 


pSCp53.  BamUl-Bgfll  fragment  from  pWS-5  3  36  encoding  the  human  wild-type 
p53  gene  was  cloned  into  the  Sail  site  of  pSC65,  resulting  in  pSCp53.  New 
plasmid  pSCp53  was  used  for  construction  of  recombinant  virus  VV-TK-53. 

Recombinant  vaccinia  viruses  (Fig.  1)  were  constructed  by  homologous 
recombination.  L-5  virus  encodes  the  luciferase  and  (1-galactosidase  genes  at  the 
Hindlll- N-locus  of  the  genome.  L-15  contains  two  reporter  genes  (luc  and  lac  Z) 
inserted  into  thymidine  kinase  region  of  VV.  Recombinant  virus  VV-TK-53  is 
similar  to  L-15  differing  only  in  the  expression  of  foreign  gene.  VV-TK-53 
encodes  the  human  wild-type  p53  gene  instead  of  luc  gene  in  the  L-15  construct. 
Infection  of  the  cells  was  carried  out  at  a  multiplicity  of  infection  (m.o.i.)  of  5  or 
10  plaque-forming  units  (pfu)  per  cell.  Virus  suspension  was  added  to  cell 
monolayers  (0.5  ml/60-mm  dish;  0.25ml/well  on  6-well  plate)  and  incubated  at 
37°C  for  1  h  with  brief  agitation  every  10  min.  Then,  the  virus  was  removed,  cells 
were  washed  once  with  serum  free  medium,  complete  growth  medium  was  added, 
and  the  cells  were  incubated  at  37°C. 

Recombinant  clones  of  W  were  selected  by  growth  on  CV-1  cells,  in  the 
presence  of  5-bromo-4-chloro-indolyl-p-D-galactosidase  (X-gal)  using  the  lacZ 
reporter  gene.  The  recombinant  viruses  were  then  purified  over  a  sucrose 
gradient.  Virus  concentration  was  determined  by  plaque  titration  on  CV-1  cells 
and  expressed  as  plaque-forming  units  (PFU)  per  milliliter. 

Kinetic  analysis  of  cytokines  expression  in  vitro.  The  efficacy  of  cytokine 
expression  was  performed  on  rat  C6  glioma  cells  by  enzyme-linked  immuno¬ 
sorbent  assay  (ELISA).  C6  cells  (lxlO6  cells/well)  were  plated  on  6-well  plate 
and  infected  with  rVV-mIL2,  rVV-mIL12  or  rVV-2-12  respectively  at 
different  multiplicity  of  infection  (MOI).  Supernatants  were  collected  at 
specified  time  points  and  cytokines  assayed  by  ELISA  kits  (Douset  kit, 
Genzyme,  Cambridge,  MA). 

In  vitro  studies.  Other  details  were  presented  in  the  Progress  Report.  To 
determine  whether  transgene  expression  level  might  be  interfered  by  coinfection 


with  two  different  rWs,  equal  amount  of  rVV-p53  and  rVV-mIL2  were  used  to 
infect  C6  glioma  cells.  Infection  of  cells  was  carried  out  at  a  multiplicity  of 
infection  (MOI)  of  0.2  plaque  forming  unit  (PFU)  per  cell.  Virus  suspension  was 
added  to  cell  monolayer  (lxlO6  cells/well)  and  incubated  at  37°C  for  1  h  before 
adding  complete  RPMI  1640  medium.  Samples  were  taken  at  specific  time  points 
and  froze  at  -80°C.  Levels  of  secreted  IL-2  in  the  medium  were  quantitated  by 
enzyme-linked  immunosorbent  assay  (ELISA)  using  mouse  IL-2  Duoset  ELISA 
kit  from  Genzyme.  P53  expression  was  detected  by  western  blot  as  previously 
described  . 

Since  the  ratio  of  cytokine  viruses  and  p53  virus  we  used  in  this  combined 
therapy  is  10  to  2xl07,  it  is  possible  for  high  dose  virus  inhibit  the  infection  and 
replication  of  low  dose  vims.  To  test  this  hypothesis,  we  coinfected  the  C6  cells 
with  rW4  expressing  lacZ  gene  and  wild-type  VV  (wtW)  carrying  no  reporter 
gene  at  ratio  1  to  1 00.  Cells  were  then  fixed  in  2%  formaldehyde  (v/v)  and  0.2% 
glutaraldehyde  (v/v)  in  PBS  for  30  min,  After  washed  in  PBS  for  2  times,  cells 
were  stained  in  X-gal  solution  for  4  hr  at  37°C.  X-gal  solution  was  prepared  by 
combining  the  following:  5  mM  potassium  ferricyanide,  5  mM  potassium 
ferrocyanide,  2  mM  MgCl2,  1  mg/ml  X-gal  in  PBS. 

The  level  of  lacZ  gene  expression  was  also  determined  by 
chemoluminescent  assay.  C6  cells  were  coinfected  with  wtW  and/or  rW4  as 
described  above.  24  h  later,  cells  were  lysed  in  lysis  buffer  and  assayed  using 
Galacto-light  Plus™  kit  (Tropix,  Bedford,  MA).  Bioluminescence  was  measured 
by  ML300  microplate  luminomiter  (Dynatech  Laboratories,  Inc.,  Chantilly,  VA). 

P53  function  in  vitro  was  analyzed  by  DNA  fragmentation  assay.  9x1 06 
C6  cells  were  plated  in  10  cm2  dish  24  h  before  vims  infection.  Cells  were  then 
infected  with  rVV2,  rVV4,  rVV2/rVV4,  rVV-mIL2,  rVV-p53  and  rW-p53/rVV- 
mIL2  at  0.2  PFU  of  each  vims.  Cells  were  harvested  at  48  h  post  infection  and 
lysed  in  10  mM  Tris-HCl  pH  7.5,  1  mM  EDTA  and  0.2%  Triton  X-100.  After 
incubated  on  ice  for  50  min,  debris  was  centrifuged  down  and  supernatant  was 
sequentially  digested  with  400  pg/ml  RNaSe  and  400  pg/ml  Protease  K  for  30  min 
at  37°C.  Samples  were  then  extracted  with  phenol/chloroform/isoamyl  alcohol  for 


three  times.  DNA  was  precipitated  and  dissolved  in  30  pi  H20.  Total  4  pg  of 
DNA  from  each  sample  was  analyzed  by  electrophoresis  in  2%  agarose  gel. 

Inactivation  of  W  by  PLW-UV  treatment.  Vaccinia  virus  with  the  titer  of 
3xl08pfu/ml  was  incubated  with  1  pg/ml  of  psoralen  at  room  temperature  for  10 
min,  and  then  irradiated  for  5  minutes  in  a  Stratalinker  1800UV-cross-linking  unit 
(Stratagene,  La  Jolla,  CA)  equipped  with  five  365  nm  long-wave  UV  bulbs  as 
described  37 .  The  remaining  viral  infectivity  has  been  determined  by  viral  plaque 
forming  assay  on  CV-1  cell  monolayer  and  was  expressed  as  logiopfu/ml.  At  72  h 
postinfection  the  cells  were  stained  with  50%  of  crystal  violet  solution  in  ethanol. 

Ex  vivo  experiments.  C 6  glioma  cells  were  infected  with  the  inactivated  (1  pg/ml 
of  psoralen  and  5  min  UV-irradiation)  viruses  (iW-TK-53  or  iL-15)  at  an  m.o.i.  1 
or  10  pfu/cell  at  37  °C  for  60  min,  washed  with  PBS  to  remove  free  viral  particles, 
and  cultured.  At  24  h  post-infection,  cells  were  collected,  counted,  and  injected  sc 
in  the  right  hind  flank  of  athymic  mice  (3  x  105  viable  cells/animal).  Mock- 
infected  cells  were  injected  into  mice  and  used  as  a  positive  control.  The  tumor 
volume  was  calculated  as  described  previously  ’  .  All  mice  were  euthanized  when 
the  mean  tumor  volume  in  control  group  reached  2000  mm3. 

In  vivo  studies.  Experiment  1.  Details  were  presented  in  the  Progress  Report. 
Experiment  2.  C6  glioma  cells  (5xl05/mouse)  were  injected  subcutaneously  (s.c.) 
at  right  hind  of  the  nude  mice.  On  day  5  after  cell  inoculation  when  palpable 
tumor  had  formed,  animals  were  injected  intratumorally  (i.t)  with  increasing  doses 
of  rVV4,  rVV-mIL2,  rVV-mIL12  or  rVV-2-12  in  a  volume  of  50pl.  The  lowest 
dose  for  these  viruses  was  10PFU  while  the  highest  dose  was  107PFU  for  rVV- 
mIL2  and  rW-mIL12,  and  105PFU  for  rVV-2-12.  Animals  were  weight  twice  a 
week  and  tumor  dimensions  were  measured  with  vernier  calipers.  All  animals 
were  euthanized  at  the  same  time,  when  mean  tumor  volume  for  the  control  group 
reached  ~2,500  mm  .  Tumors  were  removed  and  cut  into  small  pieces  in  PBS 
with  100  pM  phenylmethylsulfomyl  fluoride  (PMSF).  After  centrifuged  at  2000 


rpm,  5  min,  supernatant  were  collected  and  stored  at  -80°C  before  assayed  by 
ELISA  for  mIL-2  and  mIL-12  expression. 

Experment  3.  An  aliquot  of  5xl05  C6  glioma  cells  were  injected  subcutaneously 
(s.c.)  in  the  right  hind  of  athymic  nude  mice.  Animals  were  then  randomly  divided 
into  1 1  groups:  normal  control,  saline  tumor  control,  rVV4  control,  rVV2  control, 
rW-mIL2,  rW-mIL12,  rW-2-12,  rVV-p53,  rVV-p53/rVV-mIL2,  rVV- 
p53/rW-mIL12,  rW-p53/rVV-2-12.  Approximately  5  days  later,  palpable 
tumors  had  developed  in  all  recipients.  At  that  time,  mice  in  corresponding  groups 
were  given  a  single  intratumoral  injection  of  Hank’s,  10  PFU  of  rW4  or  10  PFU 
of  different  cytokine  recombinant  viruses  in  a  volume  of  50  pi,  respectively.  24  h 
later,  mice  in  rVV2  and  p53  groups  were  received  rW2,  rW-p53  at  the  dose  of 
2xl07  PFU.  Animals  were  weight  twice  a  week  and  tumor  dimensions  were 
measured  with  calipers.  All  animals  were  euthanized  at  the  same  time,  when  mean 
tumor  volume  of  control  group  reached  ~2,500  mm3.  Tumors  were  removed  and 
cut  in  half.  Half  was  fixed  in  10%  buffered  formalin.  The  other  half  was  snap 
frozen  in  liquid  nitrogen  and  stored  at  -80°C. 

All  animal  studies  were  conducted  in  accordance  with  the  animal  care 
policy  of  the  Loma  Linda  University.  Athymic  nude  mice  (male)  were  obtained 
from  Charles  River  Breeding  Laboratories,  Inc.  (Wilmington,  MA)  at  4-6  weeks 
of  age. 

Detection  of  p53  and  cytokine  expression  in  tumor.  Frozen  tumors  were 
thawed  and  cut  into  small  pieces  in  PBS  with  100  pM  phenylmethylsulfomyl 
fluoride  (PMSF).  After  centrifuged  at  2000  rpm,  5  min,  supernatant  were 
collected  and  assayed  by  ELISA  for  IL-2,  IL-12  (Duoset  kit,  Genzyme),  IFN-y 
and  TNF-a  (Quantikine,  R&D  system)  expression. 

P53  expression  was  detected  by  immunohistochemistry  as  previously 

ft 

described  .  Briefly,  formalin  fixed  tumors  were  embedded  in  paraffin  and 
sectioned  (5  pm).  Monoclonal  antibody  against  human  p53  (1:100,  clone  DO-7, 
Novocastra  Lab,  Ltd.,  Newcastle,  UK)  and  Cy  3-conjugated  anti-mouse  antibody 
(1:1000,  Jackson  Immuno-Research  Lab.,  West  Grove,  PA)  were  used  as  primary 


and  secondary  antibodies,  respectively.  After  immunohistochemical  reactions, 
sections  were  counterstained  with  DAPI  for  nuclear  detection.  Expression  of  p53 
was  analyzed  using  fluorescence  microscopy. 

In  situ  TUNEL  assay.  Apoptosis-related  DNA  strand  breaks  were  detected  by 
terminal  deoxynucleotidyl  transferase-mediated  dUTP  nick  end-labeling  of  DNA 
(TUNEL,  in  situ  cell  death  detection  kit,  fluorescein,  Boehringer  Mannheim,  EN). 
Tumor  sections  9  days  after  virus  infection  were  deparaffinized  and  permeabilized 
with  0.1%  Triton  X-100  in  0.1%  sodium  citrate  for  2  min  on  ice.  After  several 
washes  in  PBS,  the  sections  were  incubated  with  the  TUNEL  reaction  mixture 
containing  fluorescein-conjugated  dUTP  for  60  min  at  37°C  in  the  dark  as 
specified  by  the  manufacturer  (Boehringer  Mannheim).  Following  three  washes 
with  PBS,  samples  were  directly  analyzed  using  a  fluorescence  microscope. 

Western  blot  analysis  for  IL-12  fusion  protein  in  tumor.  To  confirm  the 
authenticity  of  the  fused  subunit  of  IL-12  gene  expression  by  rVV  in  vivo,  tumors 
treated  with  105  PFU  rVVs  on  day  7  after  virus  injection  were  homogenized  and 
extracts  were  analyzed  for  IL-12  fusion  protein  expression  by  Western  blot. 
Eighty  pg  of  protein  were  separated  on  a  12%  polyacrylamide/SDS  gel  and 
transferred  to  Immunobilon-P  membrane  (Millipore,  Bedford,  MA).  The 
membrane  was  blocked  with  5%  non-fat  milk  and  probed  with  primary  antibody: 
Goat  anti-mouse  IL-12  monoclonal  antibody  (R&D  systems  Inc.,  MN),  and  then 
incubated  with  the  secondary  antibody  conjugated  with  horseradish  peroxidase 
(Jackson  ImmunoResearch  Lab.  Inc.,  PA).  The  membrane  development  was 
performed  according  to  the  manufacturer’s  instructions. 

Efficiency  of  in  vivo  infection.  Forty  pm  thick  sections  from  frozen  tumors 
(two/group)  were  dried,  fixed  in  2%  formaldehyde  (v/v)  and  0.2%  glutaraldehyde 
(v/v)  in  PBS  for  30  min  and  washed  in  PBS  for  2  times.  Then,  sections  were 
stained  in  X-gal  solution  for  4  h  at  37°C.  X-gal  solution  was  prepared  by 


combining  the  following:  5  mM  potassium  ferricyanide,  5  mM  potassium 
ferrocyanide,  2  mM  MgCl2,  1  mg/ml  X-gal  in  PBS. 

Spontaneous  blastogenesis  in  peripheral  blood  and  spleen.  Seven  days  after 
virus  infection,  whole  blood  samples  of  animals  treated  with  control  virus  (rVV4) 
of  different  dosage  (10,  102,  103  and  107  PFU)  were  collected  in  heparinized 
tuberculin  syringes  via  cardiac  puncture  immediately  after  euthanasia.  Spleens 
were  removed  and  smashed  in  RPMI-1640  medium  before  filtrated.  The 
leukocyte  counts  in  blood  and  spleen  samples  were  performed  on  HESCA 
Hematology  Analyzer  (ABX  Hematologie,  France).  Fifty  pi  aliquots  of  whole 
blood  or  spleen  samples  were  mixed  with  150  pi  of  complete  RPMI  1640  medium 
and  1  pCi  H-thymidine  in  50  pi  of  medium  was  immediately  added.  The  cells 
were  incubated  for  4  h  at  37°C,  harvested  with  a  multiple-sample  harvester,  and 
the  amount  of  3H-thymidine  incorporated  into  cell  DNA  was  counted  in  a  liquid 
P-scintillation  counter  (E&G  Wallac  Inc.,  MD).  The  results  are  expressed  as 
disintegrations  per  minute  (dpm)/106  cells. 

Flow  cytometry  analysis.  Four  and  nine  days  after  virus  infection,  whole  blood 
sample  from  each  animal  was  collected  in  heparinized  tuberculin  syringes  via 
cardiac  puncture  immediately  after  euthanasia.  Spleens  were  removed  and 
smashed  in  RPMI-1640  medium  before  filtrated.  The  leukocyte  counts  in  blood 
and  spleen  samples  were  performed  on  HESCA  Hematology  Analyzer  (ABX 
Hematologie,  France).  50  pi  of  each  sample  was  then  stained  with  appropriate 
fluorescent-conjugated  monoclonal  antibodies  (CD45,  CD19,  PAN-NK,  NK1.1, 
TCR-P,  MAC-1)  (PharMingen,  San  Diego,  CA).  Stained  cells  were  washed  and 
analyzed  using  a  FACSCalibur  machine  with  CellQuest  software  (Becton 
Dickinson,  Manfield,  MA). 

Virus  dissemination.  The  dissemination  of  VV  in  immuno-compromised  nude 
mice  was  assessed  using  the  highly  sensitive  P-galactosidase  luminometric  assay. 
Tumor  and  organs  were  removed  at  day  2  and  9  after  virus  injection  and  smashed 


in  appropriate  volume  of  lysis  buffer.  The  extract  was  centrifuged  at  13,000  rpm 
for  5min  to  remove  tissue  debris.  A  20  pi  sample  of  extract  was  assayed  using 
Galacto-light  Plus™  kit  (Tropix,  Bedford,  MA).  Bioluminescence  was  measured 
by  ML300  microplate  luminomiter  (Dynatech  Laboratories,  Inc.,  Chantilly,  VA). 
Results  are  expressed  as  light  units  (LU)/mg  organ  wet  weight 16. 

Statistical  analysis.  The  data  were  analyzed  using  one-way  analysis  of  variance, 
Tukey’s  HSD  test  (SPSS).  A  P  value  of  <0.05  was  considered  to  indicate 
significant  differences  among  groups. 

RESULTS 

Cytokine  expression  in  vitro  and  in  vivo.  Recombinant  vaccinia  viruses  induced 
efficient  synthesis  of  mIL-2  and  mIL-12  in  infected  cells  both  in  vitro  and  in  vivo. 
In  C6  glioma  cells  infected  in  vitro  proteins  were  measured  as  early  as  6  h  after 
virus  infection  reaching  the  peak  of  cytokine  production  between  24  and  48  h 
with  the  yield  of  600ng/106cells  of  mIL-2  and  1800ng/106cells  of  mIL-12  (Fig.2). 
Cytokine  expression  was  still  detectable  at  96  h.  The  efficiency  of  cytokine 
expression  of  the  construct  rVV-2-12  carrying  both  mIL-2  and  mIL-12  genes  in 
different  regions  of  the  same  VV  genome  was  similar  to  that  after  infection  with 
virus  rW-mIL2  or  rVV-mIL12  alone.  Thus,  the  rVV-2-12  virus  expressed  both 
cytokines  at  the  same  time  without  influencing  the  gene  expression.  The 
expression  of  two  reporter  genes  ( lacZ  and  luc)  incorporated  into  the  rVV-2-12 
genome  along  with  cytokine  genes  were  not  interfered  either. 

Local  intratumoral  injection  of  rVVs  in  some  animals  directed  cytokine 
expression  even  at  doses  as  low  as  10  and  102  PFU  of  viruses.  In  higher  dose 
groups,  almost  all  tumor  extracts  showed  efficient  cytokine  expression  measured 
by  ELISA  assay.  Highest  level  of  IL-2  (56  pg/mg)  and  IL-12  (825  pg/mg)  at 
tumor  site  and  in  circulation  (5.5  ng/ml  and  88.7  ng/ml,  respectively)  was 
observed  on  day  2  after  injection  of  107  PFU  viruses  (Table  1,  2).  On  days  8,  IL-2 
was  still  detectable  in  the  tumor  but  at  lower  level,  while  IL-12  was  found  both  in 
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tumor  and  blood.  The  difference  in  cytokine  expression  levels  at  high  doses  of 
105— 107  PFU  was  insignificant.  At  the  same  MOI,  IL-12  expression  in  terms  of 
protein  production  was  found  to  be  significantly  higher  than  IL-2.  In  control 
groups,  IL-2  and  IL-12  on  days  2  and  8  were  barely  detectable,  if  any. 

Western  blot  analysis  confirmed  that  IL-12  fusion  protein  expressed  by 
rVV-mIL12  in  tumor  remained  authentic  and  intact  under  reducing  condition, 
whereas  control  recombinant  IL-12  (rIL-12)  with  heterodimer  structure 
dissociated  to  p35  and  p40  subunits  (Fig.  3).  No  endogenous  mIL-12  was  detected 
in  Hank’s,  rVV4  and  rVV-mIL2  groups. 

Cytokines  cause  tumor  inhibition.  To  determine  the  efficacy  of  different  doses 
of  W  administered  by  i.t.  injection  we  used  seven  graded  doses  from  10  to  107 
PFU  on  an  established  nude  mice  glioma  model.  Dosage  from  102  to  107  PFU  of 
both  rW-mIL2  and  rVV-mIL12  demonstrated  significant  growth  inhibition  of 
subcutaneous  glioma  (P<0.05)  with  tumor  volumes  near  or  over  50%  smaller  than 
that  treated  with  the  control  virus  (Fig.4).  No  significant  difference  was  observed 
between  IL-2  and  IL12  treatment  groups.  Injection  of  10  PFU  of  rVVs  did  not 
produce  anti-tumor  effects.  High  dose  of  control  virus  also  exhibited  an  effective 
inhibition  of  tumor  growth. 

Except  for  animals  treated  with  10  PFU  of  rW-mIL12,  in  all  rVV-mIL2 
or  rVV-mIL12  treated  groups  we  observed  signs  of  cytokine-associated  toxicity. 
High  dosage  groups  (105  to  107  PFU)  resulted  in  high  mortality  rate  with  an 
approximately  60%  survival  on  8  day  after  rVV  injection.  Low  virus  doses  (10  to 
104  PFU)  resulted  in  100%  survival  at  the  same  time  but  some  animals  failed  to 
gain  weight  indicating  on  possible  cytokine  mediated  side  effect.  Combination 
therapy  with  rW-2-12  was  lethal  for  mice  even  at  103-105  PFU  with  100% 
mortality  on  day  5.  At  10  PFU,  30%  animals  died  on  day  5. 

Virus  infection  in  vivo.  To  examine  the  efficiency  of  low  dose  (10-102  PFU)  VV 
infection,  tumor  sections  were  prepared  on  day  7  after  i.t.  injection  of  rVV  and 
stained  with  X-gal.  No  positive  staining  was  found  in  all  10  PFU  groups, 
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indicating  that  either  virus  particles  were  cleared  from  the  tumor  by  host  immune 
system,  or  the  level  of  gene  expression  was  very  low.  Sections  of  tumors  treated 
with  102  PFU  rW4,  rVV-mIL2  and  rVV-mIL12  exhibited  lacZ  activity  within  2 
h  after  adding  the  substrate  (Fig.5).  These  findings  showed  that  as  low  as  100 
viral  particles  of  W  constructs  were  sufficient  to  detect  productive  infection  of 
tumor  tissues. 

Immune  response  to  vaccinia  virus  vector.  The  immune  response  induced  by 
rW4  vector  itself  was  characterized  by  blood  and  spleen  blastogenesis  study  and 
NK  cell  analysis.  Peripheral  blood  leukocytes  from  107  PFU  group  exhibited 
significantly  greater  spontaneous  blastogenesis  compared  to  saline  tumor  control 
(P<0.05),  while  lower  doses  (10-1 03  PFU)  produced  some  increase  but  the 
difference  was  statistically  insignificant  (Fig.6).  High  increase  in  NK  cells 
(P<0.05)  was  detected  in  blood  after  treatment  with  103  PFU  of  rW4  (Fig.7). 
However,  no  obvious  changes  in  number  of  NK  cells  and  in  spontaneous 
blastogenesis  were  found  in  spleen  after  i.t.  injection  of  rVV4  at  any  doses. 

Virus  dissemination.  Using  a  virus  titration  method  we  previously  demonstrated 
that  this  strain  of  W  is  safe  for  nude  mice  even  after  s.c.  inoculation  of  108 
PFU36.  Here,  we  used  a  sensitive  chemiluminescent  method  to  detect  p- 
galactosidase  expression  in  different  organs  and  tumors  after  i.t.  injection  of  107 
PFU  of  VV.  All  recombinant  viruses  in  this  experiment  carried  lacZ  gene  driven 
by  VV  promoter  pi  1.  Measured  level  of  p-galactosidase  expression  showed  that 
the  viral  proliferation  at  tumor  injection  site  could  be  detected  on  day  2  after  virus 
injection  (rW4:  12.1  LU/mg;  rVV-mIL2:  17.9  LU/mg;  rW-mIL12:  11.9 
LU/mg).  Virus  replication  significantly  decreased  by  day  9  (rVV4:  3.83  LU/mg; 
rW-mIL2:  0.61  LU/mg;  rVV-mIL12:  4.45  LU/mg). 

Although  on  day  2  the  lacZ  gene  expression  was  detected  in  organs  (lung, 
liver,  kidney),  but  the  reporter  expression  was  several  orders  of  magnitude  less 
than  in  tumor  tissue.  On  day  9,  the  virus  replication  was  barely  detectable  in 
these  organs  and  animals  showed  no  signs  of  side  effects  or  disease. 
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The  interference  of  transgene  expression  by  coinfection  with  two  different 
rWs.  Over  expressed  p53  or  IL-2  was  found  in  cells  infected  with  rVV-p53  or 
rVV-mIL2,  with  peak  expression  around  24-48  h.  The  expression  of  these  two 
proteins  was  reduced  when  cells  were  coinfected  with  rVV-p53  and  rVV-mIL2  at 
the  same  multiplicity  of  infection  (Fig.8,  9).  Interestingly,  the  p53  function 
seemed  not  to  be  interfered.  As  shown  in  Fig.  10,  DNA  fragmentation  induced  by 
rVV-p53/rVV-mIL2  had  no  significant  difference  as  compared  with  rVV-p53 
treatment  alone.  Cells  infected  by  control  virus  (rVV2,  rVV4)  also  showed  certain 
level  of  apoptosis,  but  several  magnitudes  lower  than  rVV-p53-treated  cells. 

To  determine  the  influence  of  high  dose  virus  on  the  infection  and 
replication  ability  of  low  dose  virus,  C6  cells  were  co-infected  with  rVVVwtW 
at  ratio  1  to  100.  After  exposed  to  viruses  for  24  h,  only  a  tiny  proportion  of  cells 
were  infected  by  rW4  and  showed  P-galactosidase  expression  (5.70+0.04 
RLU/106  cells)  (Fig.l  1).  Infection  of  cells  with  rVV4  alone,  however,  resulted  in  a 
significant  increase  in  the  expression  level  of  P-galactosidase  (111 .9±1 .3 1 
RLU/106  cells).  These  data  indicate  that  high  dose  virus  could  inhibit  low  dose 
virus  replication  if  two  viruses  were  combined. 

Combined  p53  and  cytokine  therapy  of  glioma.  Our  previous  data  showed  10 
PFU  rW-mIL2  or  rVV-mIL12  caused  minimum  cytokine  side  effect,  but  did  not 
induce  reduction  of  tumor  size.  This  study  was  designed  to  test  whether  this  low 
dose  cytokine  treatment  can  enhance  the  antitumor  effect  of  p53. 

Different  p5 3/cytokine  combinations  were  injected  i.t.  to  athymic  nude 
mice.  At  9  days  post- injection,  tumors  treated  with  rVV-p53/rW-mIL12  and 
rVVp53/rVV-2-12  were  significantly  growth  inhibited  than  those  treated  with 
single  agent  (P<0.05).  The  mean  tumor  volumes  of  these  groups  are  shown  in 
Fig.  12.  rW-p53/rVV-mIL2  therapy  did  not  show  advantage  over  rVV-p53 
treatment  alone  (P=0.078),  but  tumor  size  was  significant  smaller  than  that  in 
rW-mIL2  group  (P<0.05).  No  significant  differences  in  mean  tumor  volume 
were  noted  between  rW-p53  (1537.31309.9  mm3)  and  rVV2  control 
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(1745.5+355.9  mm3)  group  at  any  time  point,  although  these  two  groups  showed 
significantly  reduced  tumor  growth  in  comparison  with  saline  control. 

Treatment  with  single  injection  of  10  PFU  rW-mIL2,  rW-mIL12  or 
rVV-2-12  appeared  to  result  in  no  tumor  inhibition.  rVV-mIL2  and  rW-mIL12 
i.t.  injection  induced  light  cytokine  side  effect  at  the  dose  of  10  PFU,  but  rW-2- 
12  was  still  toxic  to  nude  mice.  25%  animals  in  rVV-2-12-treated  group  died  5-6 
days  after  virus  injection.  Interestingly,  in  rW-p53/rVV-2-12  combination  group, 
100%  animals  survived  until  the  day  of  euthanasia. 

rW-mediated  production  of  transgenes  in  tumors.  Overexpressed  p53  protein 
could  be  detected  at  least  9  days  after  virus  injection  by  immunohistochemistry  in 
rW-p53  and  p53/cytokine  combination  groups  (Fig.  13 A).  Strong  signal  was 
mostly  around  or  in  the  area  corresponding  to  necrosis  area  by  H&E  staining.  P53 
expression  level  was  not  interfered  by  p53/cytokine  combined  therapy.  Tumor 
treated  with  rVV2  control  virus  showed  negative  result. 

IL-2  expression  was  detected  in  tumor  4  days  after  virus  injection  in  2  of  4 
animals  treated  with  rVV-2-12  (18.3  ng/g,  3.4  ng/g)  and  1  of  4  animals  treated 
with  rVV-p53/rVV-2- 1 2  (5.67  ng/g).  At  day  9,  only  one  animal  in  rVV-p53/rVV- 
2-12  showed  IL-2  expression  in  tumor  (6.6  ng/g). 

IL-12  expressed  in  tumor  could  be  measured  in  almost  all  animals  treated 
with  rVV-mIL12,  rVV-2-12,  rW-p53/rVV-mIL12  and  rVV-p53/rVV-2-12,  with 
the  highest  level  57.3  ng/g  at  day  4.  Expression  could  still  be  detected  in  half  of 
the  animals  in  these  groups  at  day  9,  with  the  highest  41.6  ng/g. 

Apoptosis  induced  by  recombinant  W .  A  portion  of  TUNEL-stained  cells  was 
clearly  observed  in  rVV2,  rVV-p53,  and  p53/cytokine-treated  groups  9  days  after 
virus  injection  (Fig.l3B).  These  cells  exhibited  apoptotic  morphology,  containing 
strongly  labeled  condensed  nuclei  and  micronuclei.  TUNEL-positive  cells  mostly 
gathered  around  the  tumor  necrosis  area.  There  is  no  significant  difference 
between  control  rVV2  group  and  VV  carrying  p53  groups.  Saline  tumor  control 
showed  few  apoptotic  staining. 


Characterization  of  host  antitumor  immune  response.  The  involvement  of 
macrophages  and  NK  cells  in  tumor  rejection  was  analyzed  bv  flow  cytometry. 
Blood  samples  4  days  following  single  i.t.  injection  of  rYY-p53  rYY-2-12 
showed  a  distinct  increase  in  NK  cell  population  as  compared  with  all  other 
treatment  groups  (p<0.05).  No  statistical  difference  in  NK  cells  was  noted  among 
saline  control.  rVYN  control,  rVV-mIL2,  rVV-mIL12,  rYY-2-12.  rVV-p53 tVY- 
mIL2  and  rVV-p53.'rVY-mIL12  groups.  At  day  9.  no  difference  was  observed 
among  all  groups.  Compared  to  saline  control,  the  percentage  of  macrophage 
(MAC-1  positive  cells)  doubled  in  all  high  dose  (2x10  PFU)  rYV-treated  animals 
both  at  day  4  and  day  9,  indicating  that  macrophage  stimulation  was  caused  by 
high  dose  application  of  VV  vector  per  se.  Cell  suspensions  isolated  from  spleen 
showed  no  significant  differences  in  NK  cells  and  macrophages  among  groups  at 
any  observed  time  points.  NKT  cell  (NK1.T  TCR-(C).  which  was  previously 
reported  to  contribute  to  lL-12-induced  tumor  inhibition1',  did  not  have  obvious 
changes  in  our  specific  tumor  model.  No  proliferation  of  B  cells  was  observed  in 
all  groups. 

Intratumoral  induction  of  IFN-y  and  TNF-a.  An  obvious  local  IFN-y 
production  was  found  in  some  tumors  4  days  after  treated  with  rVV-mIL12  (891.4 
pg-'g).  rVV-2-12  (5000  pgg).  rVV-p53/rVV -mIL  1 2  (600  pg/g)  and  rVV- 
p53.  rYY-2-12  (1227.3  pg  g).  whereas  saline  control.  rYVC,  rYV-mIL2  and  rVY- 
p53  fYY-mIL-2  showed  low  expression  (less  than  30  pgg).  The  striking 
difference  in  IFN-y  expression  of  I L- 12  therapy  versus  1L-2  therapy  supported  the 
fact  that  IFN-y  is  a  characteristic  of  1L-12  treatment. 

Compared  with  control  groups  and  rVY-mIL-2,  rVY-mIL12  groups  (less 
than  10  pg/g).  at  least  6-fold  increase  in  TNF-a  expression  was  detected  in  some 
of  animals  following  rYY-2-12  (74.1  pg  g).  rYY-p53  rYY-mlL2  (91.2  pg'g), 
r\'Y-p53/rVV-mlL  1 2  (70.5  pg'g)  and  rYY-p53 /rYY-2-12  (332.9  pg  g)  treatment. 
A  slight  increase  w  as  found  in  rYY-p53  group  (23.1  pg  g). 


mean  tumor  volume  (mm  ) 


p53  and  IL-2  combination 


-Hank's 

-rW4 

-rW2 

-rW-mlL2 

-rW-p53 

-rW-p53+rW-mlL2 


p53  and  IL-12  combination 


Hank’s 

rW4 

rW2 

rW-mlL12 

rW-p53 

rW-p53+rW-mlL12 


p53,  IL-2  and  IL-12  combination 


Hank's 

rW4 

rW2 

rW-2-12 

rW-p53 

rW-p53+rW-2-1 2 


Days  after  rVV  injection 


Hank's  rVV2  rVV-p53 


Inactivated  vaccinia  virus-mediated  gene  therapy.  To  make  VV 
replicative  deficient,  the  recombinant  viruses  were  treated  with  psoralen  and 
irradiated  with  long-wave  UV-light  as  described  in  the  Materials  and  Methods. 
Inactivation  of  VV  replication  and  abolishing  of  cytopathic  effect  were  achieved 
by  incubating  of  virus  (3x1 08  pfu/ml)  with  1  pg/ml  of  psoralen  and  UV  irradiation 
for  5  min,  resulting  in  almost  100%  inhibition  of  replication.  Cytopathic  effects  of 
replicating  rL-15  and  inactivated  iL-15  viruses  were  estimated  by  plaque  assay  on 
CV-1  cells  (Fig.  14).  No  virus  plaques  were  observed  in  the  cells  infected  with 
iL-15  virus  even  at  m.o.i.  30  pfu/cell  as  well  as  in  mock-infected  cells.  A 
numerous  viral  plaques  were  visualized  in  the  cells  infected  with  live  rL-15  virus 
after  10-5  dilution  (m.o.i.  =  0.0003  pfu/cell). 

To  compare  the  promoter  strength  and  duration  of  luciferase  expression  by 
replicating  versus  inactivated  viruses,  we  constructed  VV  recombinants  with 
reporter  genes  under  the  control  of  either  early  P13  or  early/late  PE/L  promoters 
(Fig.  15).  CV-1  cells  were  infected  either  with  replicating  or  inactivated  viruses  at 
an  m.o.i.  5,  and,  at  indicated  time  post-infection,  cells  were  evaluated  for 
luciferase  activity  (Fig.  16).  Surprisingly,  after  infection  of  cells  with  non¬ 
replicating  iL-5  virus  the  expression  of  P13-driven  luciferase  was  higher  as 
compared  to  the  expression  by  replicating  rL-5  virus  demonstrating  high 
efficiency  of  the  early  promoter  in  the  cells  infected  with  PUV-inactivated  VV. 
Thus,  the  UV-inactivation  enhanced  the  early  gene  expression.  Cells  infected  with 
either  replicating  or  non-replicating  form  of  L-15  construct  exhibited  similar  level 
of  efficacy  of  the  luc  gene  expression  driven  by  vaccinia  promoter  PE/L. 
However,  at  18  h  post-infection,  luciferase  activity  in  iL-15  virus  infected  cells 
was  higher  than  in  rL-15  infected  cells.  Constructs  containing  luc  gene  under  the 
control  of  PI  3  promoter  expressed  low  level  of  the  reporter  compared  with  PE/L 
promoter.  Therefore,  the  potent  PE/L  vaccinia  promoter  was  chosen  to  construct  a 
virus  expressing  wild-type  human  p53  gene  (Fig.  15). 

ELISA  was  used  to  analyze  PUV-vaccinia-mediated  expression  of  the  p53 
in  C6  glioma  cells.  High  level  of  p53  protein  production  was  observed  on  days  3- 
7  after  the  infection  iVV-TK-53  virus  (Fig.  17).  Although  PUV-inactivated  virus- 
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mediated  expression  is  limited  to  early  genes,  the  expression  continues  for 
extended  period  of  time,  up  to  7  days  and  was  still  detectable  on  day  9. 

To  test  the  inhibition  of  C6  glioma  cell  growth  in  vitro  by  inactivated 
recombinant  vaccinia  virus  carrying  the  human  p53  gene  the  trypan  blue 
exclusion  assay  was  used.  C6  cells  were  incubated  with  iW-TK-53  or  iL-15 
control  viruses  (m.o.i.  =5)  and  the  number  of  live  C6  cells  were  determined.  The 
number  of  iVV-TK-5 3 -infected  live  cells  by  day  2  significantly  dropped  (Fig.  18), 
and  by  day  7  less  than  20%  of  all  plated  cells  survived  the  treatment.  In  contrast, 
C6  cells  infected  with  iL-15  control  virus  or  mock-infected  cells  continued  to 
divide.  The  pattern  and  kinetics  of  p53  expression  correlated  with  iW-TK-53- 
mediated  cell  growth  inhibition. 

Apoptosis  was  determined  by  in  situ  labeling  of  fragmented  DNA 
(TUNEL).  Cells  infected  with  iW-TK-53  virus  showed  numerous  apoptotic 
bodies  (Fig.  19),  while  mock-infected  cells  failed  to  show  morphological  changes 
at  all;  some  apoptosis  was  observed  in  the  cells  infected  with  control  iL-15  virus. 

To  determine  the  effect  of  iW-TK-53  in  animals,  3xl06  C6  cells  infected 
ex  vivo  with  different  m.o.i.  of  PUV-inactivated  viruses  were  injected 
subcutaneously  into  nude  mice.  The  control  mice  were  inoculated  with  mock- 
infected  cells  or  infected  with  control  iL-15  virus.  Infection  the  C6  glioma  tumor 
cells  ex  vivo  with  iVV-TK-53  virus  moderately  inhibited  the  tumor  growth  in 
athymic  mice  (Fig.  20). 


DISCUSSION 

In  the  first  part  of  the  study  we  analyzed  the  efficacy  of  immunotherapy 
by  local  delivery  of  low  dose  of  recombinant  Lister  VV  carrying  IL-2  or  fused 
subunits  of  IL-12  in  an  athymic  mice  and  C6  glioma  xenograft  model.  Our  in 
vitro  experiments  demonstrate  that  the  constructed  rVVs  efficiently  infect  tumor 
cells  resulting  in  production  of  authentic  cytokines.  The  peak  of  cytokine 
synthesis  was  observed  at  24-48  h  after  infection  producing  600ng/106cells  of  IL- 
2  and  1800ng/106cells  of  IL-12.  Incorporation  of  as  many  as  four  foreign  genes 
into  vaccinia  virus  did  not  interfere  with  the  expression  level  of  these  genes. 
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In  nude  mouse  model  we  found  that  single  intratumoral  injection  of  as 
low  virus  dose  as  102  or  103  PFU  of  rW-mIL2  or  rVV-mIL12  can  induce 
significant  inhibition  of  C6  tumor  growth.  Higher  virus  doses  (105-107  PFU)  also 
exhibited  antitumor  effect,  however  treated  animals  showed  signs  of  toxicity  and 
high  mortality  apparently  associated  with  high  cytokine  production.  Thus,  virus 
doses  of  102-103  PFU  may  result  in  sufficient  production  of  therapeutic  cytokines 
and  immune  responses  for  tumor  immunotherapy. 

Antitumor  effect  of  virus-  mediated  IL-2  and  IL-12  immunotherapy  has 
also  been  demonstrated  in  other  tumor  models.  It  was  suggested  that  the 
produced  cytokines  activate  lymphokine-activated  killer  (LAK)  cells,  NK  cells 
and  tumor  infiltrating  lymphocytes  (TILs)  18,21,38.  IL-12  was  also  reported  to 
inhibit  angiogenesis  indirectly  through  the  stimulating  of  IFN-y  and  chemokine 
IP-10  39 .  Analyzing  the  cytokine  production  in  vivo  we  found  that  the  maximum 
level  of  gene  expression  in  tumors  and  in  plasma  was  observed  on  day  2  after 
vims  treatment.  Surprisingly,  the  cytokine  expression  levels  in  tumors  and  plasma 
at  105-107  PFU  of  vims  treatment  varied  but  the  differences  were  not  significant. 
IL-2  expressed  by  rVV  in  vivo  seemed  to  facilitate  the  vims  elimination  from  the 
animal.  The  efficiency  of  vims  reporter  gene  ( lacZ ')  expression  in  tumors  on  day  8 
after  vims  injection  was  significantly  lower  in  IL-2  groups  (0.61  LU/mg)  than  that 
with  the  control  vims  (3.83  Lu/mg)  and  IL-12  groups  (4.45  LU/mg).  This  result  is 
in  agreement  with  data  previously  reported  by  other  researchers  40'42  on  IL-2- 
mediated  inhibition  of  VV  infection  in  nude  mice  presumably  via  elevated  NK 
activity. 

Since  the  safety  of  vims-based  therapy  is  a  great  concern  and  vims 
dissemination  is  usually  related  to  high  dose  of  applied  recombinant  vims  16’43, 
low-dose  therapy  of  VV  may  be  advantageous  in  cancer  immunotherapy  by 
minimizing  the  risk  of  vims  spread  and  pathogenicity.  In  other  vector  systems  the 
applied  vims  doses  are  very  high.  The  effective  dose  of  the  WR  strain  of  VV  in 
tumor  immunotherapy  study  was  105  PFU  22’44,  while  the  dose  of  adenovims 
mediated  IL-2  and  IL-12  treatment  was  in  the  range  of  107-  5xl08  PFU  18,19,21. 
Our  rVV  vimses  can  achieve  tumor  inhibition  at  10  PFU,  a  dose  that  is  much 
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lower  as  compared  with  that  using  WR  VV  and  adenovirus  vectors.  Safety  of  our 
virus  vector  was  previously  demonstrated  on  human  4’6.  Here  we  confirmed  that 
as  a  highly  attenuated  virus  vector  it  did  not  exhibit  obvious  systemic 
dissemination  after  i.t.  injection  at  dose  as  high  as  107  PFU  per  mouse,  and  VV 
particles  mostly  remained  localized  at  the  injection  site. 

We  also  confirmed  our  previous  finding  that  high  dose  of  the  VV  vector 
itself  can  cause  tumor  inhibition  effects 8,  although  its  efficiency  is  much  lower  as 
compared  to  recombinant  W  carrying  genes  of  cytokines.  Others  reported  similar 
results  using  adenovirus  vector  in  P815  murine  tumor  model 21.  General  increase 
of  blood  leukocytes  by  blastogenesis  analysis  and  the  significant  increase  in  blood 
NK  cell  population  may  indicate  an  important  role  of  these  cells  in  vaccinia- 
mediated  tumor  suppression.  Immunogenic  virus  itself  may  act  as  an  adjuvant  for 
cancer  immunotherapy  augmenting  stronger  antitumor  immune  response  by 
enhancing  the  presentation  or  recognition  of  tumor-specific  antigens  and  inducing 
the  production  of  cytokines  45.  Preferential  infection  of  tumor  cells  by  virus  may 
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also  contribute  to  stimulation  of  host  antitumor  immune  response  ’  ’  . 

Our  results  indicate  that  low  dose  VV-mediated  IL-2  and  IL-12  delivery 
may  induce  therapeutic  effects  against  pre-established  glioma.  To  our  knowledge, 
this  is  the  first  report  on  use  of  Lister  strain  of  W  as  a  vector  in  cancer 
immunotherapy.  Previously,  we  demonstrated  that  p53-mediated  gene  therapy 
based  on  this  virus  vector  might  be  a  new  promising  antitumor  strategy  8. 
However,  single  treatments  itself  either  with  cytokines  or  tumor  suppressors  may 
not  be  sufficient  for  elimination  of  tumors.  Combination  of  immunotherapy  with 
other  antitumor  gene  therapy  strategies,  like  tumor  suppressor  treatment,  or  virus- 
mediated  inhibition  of  vascularization  may  further  enhance  the  antitumor  efficacy 
and  contribute  to  the  translation  of  these  promising  experimental  systems  into 
clinical  practice.  Combination  of  W-mediated  immunotherapy  and  p53  tumor 
gene  therapy  was  addressed  in  our  following  study. 

Combination  gene  therapy  offers  the  therapeutic  advances  through  the 
additive  or  synergistic  effect  of  the  therapeutic  genes.  P53,  IL-2  and  IL-12  are 
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three  well-known  genes  that  have  been  proved  to  be  the  potent  antitumor  agents 
in  animal  studies  and  clinical  trials.  The  combined  therapy  using  these  three  genes 
may  elicit  stronger  antitumor  effect  by  synergistic  interaction  that  increases  both 
immune  cells  cytotoxicity  and  tumor  cell  apoptosis.  We  hypothesize  several 
possible  mechanisms  of  the  synergistic  antitumor  effects.  1)  Both  p53  and  IL-12 
may  decrease  tumor  growth  through  the  inhibition  of  angiogenesis. 
Antiangiogenesis  induced  by  p53  was  found  to  be  associated  with  the  release  of 
antiangiogenic  factors,  such  as  thrombospondin  1  and  the  inhibition  of  angiogenic 
factors,  such  as  vascular  endothelial  growth  factor  49,5°.  Others  have  noted  that  IL- 
12  could  inhibit  angiogenesis  by  inducing  IFN-y,  chemokine  IP- 10,  and  NK-cell 
cytotoxicity  of  endothelial  cells  39.  2)  Formation  of  apoptotic  bodies  due  to  p53 
over  expression  in  tumor  cells  may  activate  the  macrophages  and  induce  local 
inflammatory  response,  which  can  be  amplified  by  VV  induced  intratumoral  IL-2 
and/or  IL-12  production.  3)  TNF-a  released  from  activated  macrophages  and  NK 
cells  can  induce  hemorrhagic  necrosis  of  tumors  in  vivo  through  destruction  of 
tumor  vasculature  51  and  induce  apoptosis  in  sensitive  tumor  cells  52.  4)  IL-2  and 
IL-12  may  enhance  the  immune  response  to  p53  peptide  presented  by  rVV-p53 
infected  tumor  cells  by  activating  NK  cells,  macrophages  and  B  cells  53. 

In  this  study,  we  demonstrated  that  rVV-p53/rW-2-12  combination 
therapy  induced  a  statistically  significant  tumor  growth  arrest  (P<0.01)  as 
compared  with  rVV-p53  and  rVV-2-12-treated  alone.  Although  rVV-p53/rVV- 
mIL12  also  significantly  inhibited  the  tumor  growth  (1110.8±543.2  mm3,  day  9) 
compared  to  single  agent-treated  groups  (P<0.05),  rVV-p53/rW-2-12  showed  the 
strongest  antitumor  effect  (624.2±165.7  mm  ,  day  9).  Four  days  after  initiation  of 
the  treatment,  a  significant  increase  of  NK  cell  population  in  blood  achieved  with 
rVV-p53/rVV-2-12  therapy,  but  not  with  other  treatment  groups,  suggested  this 
early  and  short  proliferation  of  NK  cells  played  an  important  role  in  tumor 
reduction.  At  same  time,  high  level  of  IFN-y  was  detected  in  the  tumor  following 
rVV-p53/rVV-2-12  treatment,  indicating  the  local  activation  of  NK  cells.  It  is  in 
accordance  with  results  of  Ross  and  Caligiuri  54  showing  that  IL-2  and  IL-12 
combination  provide  a  strong  stimulus  for  IFN-y  production  by  NK  cells.  But 


IFN-y  was  also  found  in  tumors  of  rW-2-12-treated  animals  that  failed  to  retard 
the  tumor  growth.  As  previous  studies  reported,  induction  of  IFN-y  is  necessary 
but  not  sufficient  for  the  tumor  regression  55,56 . 

It  is  possible  that  other  cytokines  and  chemokines  involved  in  significant 
tumor  inhibition  following  rW-p53/rW-2-12  combination  therapy,  but  the 
contribution  of  rW-p53  is  also  evident.  Although  our  study  indicated  that 
apoptosis  in  tumor  induced  by  rW-p53  did  not  show  improvement  over  the 
control  virus  (rW2),  high  proliferation  of  NK  cells  in  the  blood  related  to  VV- 
p53/rVV-2-12  treatment,  but  not  to  rVV-p53  or  rW-2-12-treated  alone,  played  a 
major  role  in  the  antitumor  activities  of  combination  therapy.  Even  though  both 
IL-2  and  IL-12  are  strong  stimulus  for  NK  cells,  rVV-2-12-treated  alone  shows  no 
efficiency  on  blood  NK  cell  proliferation  at  the  low  dose  10  PFU.  In  addition, 
intratumoral  TNF-a  production  was  detected  in  p53/cytokine-treated  animals, 
whereas  p53  and  cytokine  single  agent  treatment  only  showed  the  background 
expression.  Together,  these  results  support  a  role  for  rVV-p53  as  an  antitumor 
effector  that  potentiate  the  immune  response  synergistically  with  rW-2-12. 

In  contrast  to  rW-p53/rVV-mIL12,  which  had  a  clear  impact  on  tumor 
growth,  rW-p53/rVY-mIL2  did  not  show  marked  reduction  of  tumor  volume 
over  rW-p53  treatment  alone.  Our  in  vitro  and  in  vivo  data  demonstrated  that  IL- 
2  expression  directed  by  rVV-mIL2  was  much  lower  than  IL-12  expressed  by 
rW-mIL12  when  used  at  same  MOI.  The  low  level  of  IL-2  production  is 
probably  not  sufficient  to  induce  strong  antitumor  immune  response.  We  found  a 
considerable  elevation  of  intratumoral  IFN-y  in  rW-p53/rVV-mIL12  group,  but 
not  in  rVV-p53/rW-mIL2  group,  which  may  partially  explain  the  difference  in 
therapeutic  efficiency  between  two  combination  therapies.  The  possible 
synergistic  antiangiogenesis  effect  by  combined  p53/IL-12  therapy  could  also 
partly  account  for  the  antitumor  activity. 

Tumor  growth  was  also  inhibited  by  injection  of  control  virus  (rW2) 
(2xl07  PFU),  although  the  efficiency  was  much  lower  than  p53/cytokine 
combination.  Noteworthy  that  an  increase  of  blood  macrophages  was  found  in 
rVV2  and  all  other  high  dose  rVV-treated  groups.  Therefore,  high  dose  of  VV 


vector  per  se  is  a  strong  inducer  of  macrophages,  which  might  proliferate  by 
responding  to  tumor  lysis  induced  by  oncolytic  VV.  The  strong  stimulation  of 
macrophages  may  correlate  with  reduced  tumor  masses  in  rVV2  control  group, 
since  this  phenomena  was  not  observed  in  saline  control.  We  demonstrated  in  in 
vitro  study  that  rW-p53  and  p53/cytokine  could  induce  apoptosis  in  C6  glioma 
cell  line,  whereas  control  virus  (rW2)  had  little  effect.  However,  animal  study 
showed  the  similar  apoptosis  effect  by  rVV2,  rVV-p53  and  p53/cytokine 
treatment  in  vivo,  indicating  the  activation  of  immune  response  by  high  dose  virus 
vector  may  play  a  factor. 

The  ratio  of  the  two  viruses  used  in  combination  therapy  may  influence 
the  therapeutic  outcome,  especially  when  the  ratio  of  one  virus  is  higher.  Our  in 
vitro  data  showed  the  great  reduction  in  gene  expression  even  when  two 
recombinant  viruses  coinfected  the  cells  at  same  MOI.  When  two  viruses  were 
used  at  higher  ratio,  like  1  to  100,  the  gene  expression  mediated  by  the  low  dose 
virus  was  suppressed.  In  animal  study,  we  used  extremely  low  dose  (10  PFU) 
rW  carrying  IL-2  or  IL-12  to  minimize  the  cytokine  toxicity.  The  ratio  between 
cytokine-  and  p53-expressing  VV  recombinant  was  still  high  although  the 
cytokine-expressing  virus  was  injected  24  h  prior  to  p53-expressing  VV. 
Surprisingly,  both  IL-2  and  IL-12  were  detectable  in  tumors  of  some  treatment 
groups  at  least  9  days  after  virus  injection.  Although  apparent  individual 
difference  existed,  these  data  revealed  that  it  is  possible  to  combine  10  viral 
particles  of  cytokine  VV  recombinant  with  2xl07  viral  particles  of  rVV-p53.  As 
expected,  the  p53  expression  was  not  interfered  by  p53/cytokine  combination 
therapy.  We  also  found  that  rVV-p53/rVV-2-12  combination  decreased  the 
cytokine  side  effect  caused  by  rVV-2-12.  100%  animals  survived  and  showed 
minimum,  if  any,  cytokine  toxicity.  But  rVV-2-12-treated  alone  resulted  in  25% 
death  during  the  experimental  period.  Our  results  also  indicate  that  combination 
gene  therapy  may  be  much  safer  than  cytokine  therapy  alone,  and  new 
combination  ratio  can  be  designed  in  which  higher  dose  of  cytokine-producing 
W  recombinants  could  achieve  higher  efficacy  of  antitumor  therapy. 


Thus,  using  a  nude  mice  subcutaneous  C6  glioma  model,  we  observed  the 
synergistic  antitumor  effect  elicited  by  rVV-p53/rVV-2-12  and  rVV-p53/rVV- 
mIL12  and  also,  the  possibility  of  combining  two  recombinant  viruses  with  great 
virus  dose  differences.  Based  on  these  promising  data,  in  our  future  study  we  will 
test  the  potential  of  p5  3/cytokine  combination  therapy  in  orthotopic,  syngeneic 
brain  tumor  model  in  central  nervous  system  environment. 

Although  PUV-in activated  virus-mediated  expression  must  be  limited 
to  early  genes,  high  level  of  p53  protein  production  in  infected  cells  was  observed 
by  ELISA  assay  for  extended  period  of  time,  up  to  7-9  days.  This  is  in  contrast 
with  expression  kinetics  of  early  genes  of  replicating  vaccinia  virus,  which  is 
limited  to  early  step  of  infection  and  usually  ceases  at  the  onset  of  DNA 
replication  (3  to  4  h).  The  DNA  sequence  of  the  vaccinia  PE/L  promoter  contains 
tandem  early  and  late  promoters  allowing  a  continuous  moderate  level  of  gene 
expression 57 .  The  persistence  of  the  early  transcriptions  after  infection  with  PUV- 
inactivated  VV  shown  to  last  as  long  as  7-9  days  may  represent  the  lifetime  of  the 
virus  transcription  machinery  delivered  by  the  virion.  Apparently,  PUV- 
inactivated  W  penetrate  the  cells  and  induce  core-mediated  early  gene 
expression,  after  which  the  infection  process  terminates  probably  due  to  lack 
DNA  replication  required  for  further  virus  development  and  maturation. 
Normally,  W  virus  infection  is  lethal  and  is  followed  by  extensive  cytopathic 
effects.  However,  despite  the  fact  that  UVP-inactivated  virus  infection  is 
accompanied  by  early  gene  expression,  the  infected  cells  failed  to  exhibit  any 
cytopathic  effects,  suggesting  that  infected  cells  might  have  survived  the 
infection. 

Apoptosis  induction  was  correlated  with  increased  level  of  p53  protein. 
These  results  rule  out  necrosis  as  a  possible  reason  for  the  morphological  changes 
of  cells  observed  in  the  experiment,  and  argue  strongly  for  apoptosis  as  the 
predominant  underlying  mechanism. 

Although  infection  the  C6  glioma  tumor  cells  ex  vivo  with  iVV-TK-53 
virus  was  effective  in  inhibition  of  tumor  growth  in  athymic  mice,  however, 


comparing  with  live  rVV-p53  the  anti-tumor  effect  could  be  considered  as 
moderate. 

Conclusions 

Aim  1A.  Recombinant  viruses  can  produce  cytokines  in  tumors  mobilizing  an 
immune  response  to  tumor  cells.  In  this  study  we  investigated  gene  expression,  in 
vivo  antitumor  efficacy  and  safety  of  attenuated  recombinant  vaccinia  virus 
carrying  murine  cytokine  genes  IL-2,  IL-12  and  both  IL-2  and  IL-12  in  athymic 
nude  mice  model.  Significant  tumor  inhibition  was  observed  in  a  pre-established 
subcutaneously  C6  glioma  model  using  rWs  at  doses  in  the  range  of  10  -10 
PFU.  Anti -tumor  effect  did  not  depend  on  the  dose  of  the  rW-mIL2  and  rW- 
mIL12  viruses.  All  constructed  rWs  showed  high  level  of  cytokine  expression  in 
vitro  and  in  vivo.  Most  cytokine  groups  with  the  high  dose  of  virus  treatment  (105- 
107  PFU)  showed  signs  of  cytokine  toxicity  while  in  low  dose  treatment  groups 
(102-103  PFU)  toxicity  was  greatly  reduced.  The  W  control  vector  per  se  induced 
tumor  inhibition,  but  the  antitumor  effect  was  less  effective  as  compared  to  rW 
carrying  cytokine  genes.  These  results  suggest  that  attenuated  recombinant  strains 
of  VV  at  low  doses  may  potentially  be  efficient  vectors  for  the  cancer 
immunotherapy. 

Aim  IB.  Combination  gene  therapy  offers  the  prospect  of  greater  therapeutic 
response  through  the  synergistic  effect  of  therapeutic  genes.  The  aim  of  this  study 
was  to  evaluate  the  efficacy  of  a  combination  of  recombinant  vaccinia  viruses 
(rVV)  expressing  p53,  IL-2  or  IL-12  gene  (rVV-p53,  rVV-mIL2,  rVV-mIL12, 
rW-2-12)  for  the  treatment  of  glioma.  Localized  treatment  of  subcutaneous  C6 
glioma  in  athymic  mice  with  rVV-p53/  rW-mIL12  or  rVV-p53/rVV-2-12 
resulted  significant  tumor  inhibition  compared  to  the  single  agent  treatment 
(P<0.05).  rVV-p53/rVVmIL2  combination  did  not  statistically  slow  tumor 
growth.  A  striking  elevation  of  NK  cells  in  blood  and  IFN-y  expression  in  tumor 
were  related  to  rVV-p53/rVV-2-12  therapy.  Despite  the  antitumor  effect  of  rVV- 
p53/rVV-mIL12,  no  significant  immune  response  was  detectable  in  circulation 


but  IFN-y  could  be  measured  in  tumor.  The  expression  of  IL-2,  IL-12  and  p53 
could  be  detected  in  tumors  in  some  treatment  groups  at  least  9  days  after  virus 
injection,  indicating  10  viral  particles  of  cytokine  VV  recombinants  could 
replicate  and  function  despite  the  existence  of  2x1 07  rVV-p53  viral  particles.  P53 
expression  was  not  interfered  by  p53/cytokine  combination.  These  data 
demonstrate  that  combination  gene  therapy  using  VV-directed  p53,  IL-2  and  IL- 
12  can  be  a  promising  alternative  method  for  glioma  treatment. 

Aim  2.  Cells  infected  with  PUV-inactivated  virus  iL-15  effectively  expressed 
reporter  under  the  control  of  the  PE/L  viral  promoter.  Non-replicating  iVV-TK-53 
virus  overproduced  p53  protein  in  infected  cells  as  demonstrated  by  ELISA. 
Approximately  40%  and  88%  of  C6  glioma  cells  infected  with  iVV-TK-53  virus 
underwent  apoptosis  on  day  2  and  7,  respectively,  while  80%  of  cells  infected 
with  control  virus  iL-15  or  mock-infected  cells  remained  viable  on  day  7.  In  ex 
vivo  experiment,  infection  of  C6  cells  with  non-replicating  iW-TK-53  inhibited 
the  tumor  growth  in  nude  mice.  This  simple  method  of  generation  of  non¬ 
replicating  vaccinia  virus  vectors  may  be  applied  to  any  attenuated  or  virulent 
vaccinia  virus  strain. 

Additional  comment: 

We  have  successfully  completed  the  project  according  to  the  schedule  and 
achieved  main  objectives  of  the  project: 

(1)  We  have  constructed  several  recombinant  viruses  (live  and  inactivated)  that 
are  effective  in  gene  delivery  and  expression  of  therapeutic  genes  in  vitro 
and  in  vivo.  These  constructs  will  be  useful  tools  in  further  research, 
preclinical  and  clinical  studies  on  cancer  immunotherapy; 

(2)  We  have  demonstrated  that  vaccinia  virus-mediated  gene  delivery  cytokines 
is  a  promising  alternative  of  anti-tumor  immunotherapy.  Previously  we 
have  found  that  vaccinia-mediated  p53  treatment  is  effective  in  glioma 
treatment.  Combination  of  virus-mediated  immunotherapy  and  p53  therapy 
has  produced  a  synergistic  anti-tumor  effect.  Further  studies  are  needed  to 


clarify  the  molecular  mechanisms  of  cytokine-  and  p53-mediated  anti-tumor 
effects. 

(3)  We  have  found  that  inactivated  versions  of  vaccinia  virus  can  effectively 
express  foreign  genes  and  induce  therapeutic  effects  in  treated  cells.  It  may 
provide  a  new  alternative  strategy  of  gene  therapy  of  genetic  and  somatic 
diseases.  For  tumor  cancer  gene  therapy  further  studies  are  needed  to 
optimize  the  gene  delivery  and  expression  to  achieve  greater  anti-tumor 
effects. 

Problems  and  questions  raised  in  this  study  will  be  addressed  in  our  following 
NMTB-supported  studies. 
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Legends 

Fig.l.  Construction  of  recombinant  vaccinia  viruses,  (a,  b)  The  mouse  IL-2  or  IL- 
12  cDNA  fragment  was  cloned  into  the  VV  transfer  vector  pSC-1 1  downstream  of 
the  early/late  VV  p7.5  promoter,  resulting  in  pSC-mIL2  or  pSC-mIL12, 
respectively.  The  reporter  gene  lacZ  was  under  the  control  of  VV  late  pll 
promoter.  Recombinant  rVV-mIL2  and  rW-mIL12  was  generated  by 
homologous  recombination  between  TK  region  flanking  mIL-2  or  mIL-12  on 
plasmid  and  the  TK  region  of  the  wild  type  W  genome.  The  IL-12  gene  we  used 
was  a  fusion  gene,  containing  both  p40  and  p35  subunits,  (c)  mIL-12  cDNA  was 
ligated  into  the  Smal  site  of  a  W  expression  vector,  pNL5Sma,  which  contained 
the  luc  reporter  gene.  The  resulting  mIL-12  expression  vector,  pN-mIL12,  was 
inserted  into  the  N  region  of  rW-mIL2  genome  by  homologous  recombination. 
The  rW-2-12  contained  four  foreign  genes,  mIL-12,  luc  genes  at  N  region  and 
mIL-12,  lacZ  genes  at  TK  region,  (d)  control  virus  rVV4  had  the  two  reporter 
genes,  lacZ  and  luc ,  inserted  into  the  TK  region  of  wild  type  VV. 

Fig.  2.  Kinetic  analysis  of  mIL-2  or  mIL-12  expression  by  different 
recombinants.  Rat  C6  glioma  cells  were  seeded  in  24- well  plate  at  lxlO6 
cells/well.  The  next  day,  cells  were  infected  with  rW-mIL2,  rW-mIL12  or  rW- 
2-12  at  the  indicated  MOI.  Supernatants  were  collected  at  6,  24,  48,  72  and  96  h. 
The  secretion  of  cytokine  was  measured  by  ELISA. 

Fig.  3.  Authentic  expression  of  IL-12  fusion  protein  in  tumor.  Recombinant 
heterodimeric  and  fusion  protein  forms  of  mouse  IL-12  were  analyzed  by  Western 
blot  under  reducing  condition  (P-mercaptoethanol).  Heterodimeric  IL-12 
separated  into  two  subunits,  while  the  fusion  IL-12  maintained  an  intact  protein. 
rIL-12:  recombinant  heterodimeric  IL-12. 

Fig.  4.  In  vivo  dose  response.  Rat  C6  glioma  cells  (5xl06)  were  injected  s.c.  in 
the  right  hind  of  the  nude  mice.  After  5  days  of  initial  inoculation,  all  animals 
attained  palpable  tumors,  at  which  time  Hank’s,  rW4,  rW-mIL2,  or  rVV-mIL12 


were  administrated  i.t.  for  a  single  injection  at  seven  different  doses  (10-107 
PFU).  Significant  difference  (P<0.05)  was  observed  in  1 02- 1 07  PFU  groups  when 
compared  with  saline  and  virus  control  groups. 

Fig.  5.  In  vivo  virus  infection.  Frozen  tumor  section  from  Hank’s,  rVV4,  rW- 
mIL2  or  rW-mIL-12-treated  groups  were  dried  and  fixed  in  fixative  buffer.  After 
rinsed  in  PBS  for  2  times,  sections  were  stained  in  X-gal  solution  for  4  h  at  37°C. 

Fig.  6.  Spontaneous  blastogenesis  in  peripheral  blood  from  mice  injected  with 
rW4.  Aliquots  (50  pi)  of  whole  blood  were  incubated  in  medium  containing  1 
pCi  3H-thymidine  per  well  for  4  h  before  counting  the  amount  of  radioactivity 
taken  up  by  cells.  *  significant  difference  between  two  groups  (P<0.05). 

Fig.  7.  NK  cell  proliferation  in  peripheral  blood  from  mice  injected  with  rVV4. 
Aliquots  (50  pi)  of  whole  blood  were  labeled  with  antibody  (pan-NK)  and 
analyzed  by  flow  cytometry.  .  *  significant  difference  between  two  groups 
(P<0.05). 

Fig.  8.  In  vitro  suppression  of  IL-2  expression  by  rVV-p53/rVV-mIL2 
coinfection.  C6  glioma  cells  (lxl06/well)  were  plated  in  6-well  plate  and  infected 
with  r\rV-mIL2  or  rVY-p53/rW-mIL2  at  0.2  PFU  of  each  vims.  Supernatant 
were  collected  at  6, 24,  48,  72  and  96  h  and  measured  for  IL-2  by  ELISA. 

Fig.  9.  P53  expression  was  reduced  by  rVV-p53/rW-mIL2  coinfection.  C6 
glioma  cells  (lxl06/well)  were  plated  in  6- well  plate  and  infected  with  rVV-mIL2 
or  rW-p53/rW-mIL2  at  0.2  PFU  of  each  vims.  Cells  were  harvested  and 
homogenized  in  lysis  buffer  at  6,  24,  48,  72  and  96  h.  Proteins  (80  pg)  were 
separated  by  12%  SDS-polyacrylamide  gel  electrophoresis  and  probed  with 
primary  antibody  (DO-7,  vector  laboratories,  Inc.).  The  blot  was  then  incubated 
with  horseradish  peroxidase-conjugated  secondary  antibody  and  developed  in 


color  regent.  P53  expression  by  SW480  cell  line  served  as  positive  control  and 
wild  type  W  served  as  negative  control. 

Fig.  10.  DNA  fragmentation  analysis.  C6  glioma  cells  were  infected  with  different 
recombinant  viruses  at  0.2  PFU  of  each  virus.  After  48  h,  DNA  was  extracted  and 
subjected  to  2%  agarose  gel.  Lane  1:  C6  cell  mock  infection  Lane  2:  rVV2  Lane 
3:  rW4  Lane  4:  rVV2/rW4  Lane  5:  rW-mIL2  Lane  6:  rVV-p53  Lane7:rVV- 
p53/rW-mIL2 

Fig.  11.  Reduction  of  lac  Z  expression  by  wtVV/rW4  coinfection.  C6  glioma 
cells  were  infected  with  wtVV,  rVV4,  or  wtW/rVV4  at  indicated  MOI.  24  h  later, 
lac  Z  production  was  visualized  by  X-gal  staining  (A)  and  the  level  of  expression 
was  measured  by  chemoluminescent  method  (B). 

Fig.  12.  In  vivo  tumor  inhibition  by  p53/cytokine  combination  therapy.  Mice  with 
similar  size  s.c.  glioma  were  treated  with  different  recombinant  VVs  individually 
or  in  combination.  Tumor  growth  in  combination  groups  was  compared  with 
saline,  virus  control  and  single  agent  treated  groups.  rW-p53/rVV-2-12  and  rW- 
p53/rVV-mIL12  combination  therapy  showed  statistically  significant  antitumor 
effect  (P<0.01  and  P<0.05,  respectively). 

Fig.  13.  In  situ  detection  of  p53  expression  and  apoptosis.  (A)  Paraffin-embedded 
tumor  sections  obtained  from  saline,  rW2  control  and  rVV-p53  treated  animals  9 
days  after  virus  injection,  were  stained  for  p53  expression  by 
immunohistochemistry.  (B)  Tumor  sections  from  these  groups  were  also  stained 
for  apoptosis  by  TUNEL  assay  as  described  in  Material  and  Methods.  Original 
magnification  xlOO 

FIG.  14.  Analysis  of  inactivated  virus  by  titration.  The  remaining  viral  infectivity 
of  the  PUV  inactivated  virus  was  determined  on  CV-1  cell  monolayer.  rL-15, 


replicating  virus;  iL-15,  nonreplicating  virus;  n/d,  30  pfii/cell;  -1,  3  pfu/cell;  -2, 
0.3  pfu/cell;  -3,  0.03  pfu/cell;  -4, 0.003  pfu/cell;  -5,  0.0003  pfu/cell. 

FIG.  15.  Schematic  representation  of  the  recombinant  viruses.  L-5  virus  contains 
the  luciferase  gene  ( luc )  of  firefly  Photinus  pyralis  and  P-galactosidase  {lac  Z)  of 
E.  coli  at  the  i/i'«(iIII-N-locus  of  W.  L-15  contains  two  reporter  genes  {luc  and 
lac  Z)  inserted  into  thymidine  kinase  region  of  VV.  Recombinant  virus  W-TK- 
53  is  similar  to  L-15  differing  only  in  the  expressed  foreign  gene.  VV-TK-53 
contains  the  human  wild-type  p53  gene  instead  of  luc  gene  in  the  L-15  construct. 
Abbreviations:  P7.5,  vaccinia  early/late  promoter;  PI  1,  vaccinia  late  promoter; 
P13,  synthetic  vaccinia  early  promoter;  PE/L,  synthetic  vaccinia  early/late 
promoter;  Nl  and  Nr;  TKl  and  TLr,  refer  to  segments  of  vaccinia  genome  that 
include  the  left  and  right  portions  of  Hindlll-N-  and  TK-regions,  respectively;  luc, 
luciferase  gene;  lac  Z,  P-galactosidase  gene;  p53,  human  wild-type  p53  gene. 

FIG.  16.  Luciferase  expression.  CV-1  cells  were  infected  with  replicating  (rL-5  or 
rL-15)  or  inactivated  (iL-5  or  iL-15)  viruses  at  an  m.o.i.  of  5  pfu/cell.  At  specified 
time  points  following  infection,  the  cells  were  harvested,  lysed  and  analyzed  by 
luminometer. 

FIG.  17.  p53  expression.  Cells  were  infected  at  an  m.o.i.  of  5  pfu/cell  and 
harvested  at  the  indicated  times.  Quantitation  of  p53  protein  in  C6  rat  glioma  cells 
infected  with  replicating  (rVV-TK-53)  or  inactivated  (iW-TK-53)  viruses  was 
determined  by  ELISA  assay. 

FIG.  18.  Viability  of  C6  cells.  Effect  of  the  tumor  suppressor  p53  expressed  by 
nonreplicating  VV-TK-53  virus  on  the  viability  of  C6  rat  glioma  cells  was 
determined  using  trypan  blue  exclusion  assay.  Duplicated  samples  of  each 
treatment  were  counted. 


FIG.  19.  Detection  of  apoptosis  in  situ.  C6  rat  glioma  cells  were  seeded  on  glass 
coverslips,  and  on  next  day  were  mock-infected,  or  infected  with  nonreplicating 
control  (iL-15)  or  p53-expressing  (iVV-TK-53)  virus  at  an  m.o.i.  of  5  pfu/cell.  In 
6  days  after  the  infection,  apoptosis-related  DNA  strand  breaks  were  detected  by 
TUNEL  assay.  The  samples  were  directly  analyzed  using  a  fluorescence 
microscope.  Brightly  stained  green  cells  were  undergoing  apoptosis. 
Magnification  xlOOO. 

FIG.  20.  Tumor  growth  inhibition.  Athymic  mice  were  injected  sc  with  3xl05  of 
mock-infected  C6  glioma  cells  or  infected  with  iL-15  and  iW-TK-53  at  m.o.i.  of 
1  or  10  (  iL-15-1,  iL-15-10,  iW-TK-53-1,  iW-TK-53-10,  respectively).  Results 
of  a  representative  experiment  are  shown. 
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Previous  studies  have  shown  that  tumor  necrosis  factor-a  (TNF-a)  can  augment  the  antitumor 
effect  of  radiation.  The  major  goal  of  this  study  was  to  evaluate  the  effects  of  naked  pGLl-TNF- 
a,  a  plasmid  containing  the  human  TNF-a  gene,  on  hematological  and  leukocyte  variables,  as 
well  as  C6  tumor  growth  in  athymic  mice  treated  with  radiation.  pGLl -TNF-a  was  administered 
intratumorally  at  low  to  high  doses  (15pg,  150pg,  and  450pg)  in  all  three  phases  of  this  study. 

In  Phase  A,  pGLl -TNF-a  expression  within  tumors  was  dose-dependent  and  transient,  with 
highest  levels  seen  at  18  hr  post-injection,  whereas  no  TNF-a  protein  was  detected  in  plasma. 
Low  erythrocyte  counts,  hemoglobin,  and  hematocrit  were  associated  with  tumor  presence,  but 
the  reduction  in  these  variables  was  most  striking  in  the  group  receiving  450pg  of  pGLl -TNF-a 
and  that  also  exhibited  thrombocytopenia  by  168  hr.  In  Phase  B,  treatment  with  pGLl -TNF-a  at 
15p.g  or  150pg  resulted  in  the  highest  leukocyte  and  lymphocyte  numbers  in  the  spleen  and  the 
greatest  degree  of  splenomegaly  at  64  and  88  hr  post-injection.  In  these  same  two  groups,  flow 
cytometry  analyses  showed  that  up  to  26%  of  spleen  lymphocytes  and  up  to  84%  of  blood 
lymphocytes  expressed  the  CD71  activation  marker;  increased  expression  of  the  CD25  activation 
marker  was  also  seen  (P<0.05).  The  highest  levels  of  natural  killer  cells  (panNK+)  were 
observed  in  blood,  whereas  B  lymphocytes  (CD  19+)  were  increased  in  spleens  from  these  mice. 
An  enhancing  effect  was  also  noted  in  some  of  the  measurements  with  parental  plasmid  pWS4 
and  tumor  presence.  In  Phase  C,  the  slowest  tumor  progression  was  observed  in  the  groups 
receiving  15pg  and  150pg  pGLl -TNF-a  together  with  radiation;  tumor  volumes  were  51%  and 
43%  smaller,  respectively,  than  for  PBS-injected  controls  by  the  end  of  the  study.  Collectively, 
these  results  show  that  localized  treatment  with  pGLl -TNF-a  is  effective  and  non-toxic  at  low 
doses  and  support  the  premise  that  activation  of  lymphocytes  may  contribute  to  the  antitumor 
effects  of  radiation  against  a  highly  aggressive  brain  tumor. 
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INTRODUCTION 


Although  current  treatment  protocols  for  malignant  glioma  (surgical  resection  followed  by 
radiation  and/or  chemotherapy)  are  tumor-reductive,  the  prognosis  for  patients  with  high  grade 
brain  tumors  remains  dismally  poor.1  Attempts  to  increase  the  dose  of  radiation  or  drugs  or 
perform  more  radical  surgery  have  had  little  or  no  effect  on  survival  time  and  have  increased  the 
risk  for  serious  side  effects.  The  failure  to  increase  survival  may  be,  at  least  partly,  related  to  the 
immunodepression  observed  in  these  patients.2  Thus,  the  administration  of  cytokines  that 
activate  leukocyte  populations  with  antitumor  properties  may  prove  to  be  beneficial  as  an 
adjunctive  form  of  therapy. 

Gene  therapy  offers  new  and  innovative  techniques  by  which  cytokine  genes  could  be  safely 
administered.  Currently,  there  is  no  single  gene  delivery  system  that  is  considered  to  be  best,  as 
all  are  limited  in  one  respect  or  another.  Viral  vectors  (e.g.,  retrovirus,  adenovirus,  and  adeno- 
associated  virus)  generally  have  higher  gene  transfer  efficiency  and  longer  gene  expression  than 
non-viral  vectors.3  However,  viral  vectors  are  often  immunogenic,  especially  with  repeated 
administration,  making  the  study  of  immunological  responses  induced  by  cytokine  gene 
expresssion  difficult  and  may  also  compromise  therapeutic  efficacy.  Non-viral  vectors 
complexed  to  cationic  liposomes  and  similar  carriers  do  not  induce  specific  immune  responses, 
but  may  stimulate  a  strong  inflammatory  response  that  inhibits  gene  expression  and/or  confounds 
interpretation  of  the  results.4,5  Naked  plasmid  DNA  is  not  limited  by  many  of  these  drawbacks 
and  the  transient  nature  of  gene  expression  is  not  a  major  concern  when  the  intended  purpose 
requires  short-term  production  of  the  protein  of  interest.  To  date,  investigations  utilizing  non- 
viral  vectors  in  gene  therapy  for  brain  tumors  are  virtually  nonexistant. 

The  most  widely  used  gene  therapy  approach  for  brain  tumors  has  been  based  on  viral 
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vectors,  expecially  the  transduction  of  tumor  cells  with  the  herpes  simplex  virus  type-1 
thymidine  kinase  (HS Y-tk)  gene,  followed  by  ganciclovir  treatment.6 12  These  investigations 
have  resulted  in  varying  degrees  of  success.  Interestingly,  Kim  et  al.13  showed  that  glioma  cells 
expressing  the  HSV-tk  gene  in  culture  exhibited  increased  radiosensitivity  when  treated  with 
bromovinyldeoxyuridine  (BVdUrD).  Unfortunately,  previous  clinical  trials  have  demonstrated 
that  BVdUrD,  at  the  doses  required  for  radiation  sensitization,  are  too  toxic  to  normal  tissues 
such  as  bone  marrow  and  intestine.14 

Tumor  necrosis  factor-a  (TNF-a)  has  received  much  attention  due  to  its  direct  cytostatic 
and  cytotoxic  effects  against  many  tumor  types.  The  cytokine  also  has  multiple  indirect 
activities  that  may  contribute  to  tumor  response  in  vivo,  including  recruitment  and  activation  of 
leukocytes  and  upregulation  of  cell  surface  molecules  that  are  important  in  immunological 
responsiveness.15'16  However,  clinical  trials  utilizing  high-dose  systemically  administered  TNF- 
a  have  generally  been  disappointing  and  frequently  plagued  with  dose-limiting  toxicities. 

The  use  of  low-dose  TNF-a  in  combination  with  other  therapeutic  modalities  has  great  potential 
due  to  its  potent  immunomodulatory  properties  even  at  very  low  doses  and  potential  to 
radiosensitize  tumor  cells. 

We  and  others  have  previously  shown  that  TNF-a  protein  can  augment  radiation-induced 
control  of  both  TNF-a-sensitive  and  TNF-a-resistant  tumors  in  vivo .19’23  More  recently,  we 
have  combined  plasmid  pGLl -TNF-a  treatment  (with  and  without  transfection  agent)  together 
with  radiation  with  some  success.24'25  The  major  goals  of  the  present  study  were  to  determine 
the  kinetics  of  pGLl  -TNF-a  expression  in  vivo,  quantify  hematological  and  immunological 
changes  that  may  occur  due  to  pGLl -TNF-a  expression,  and  evaluate  tumor  progression  when 
varying  doses  of  pGLl -TNF-a  are  combined  with  radiation. 
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MATERIALS  AND  METHODS 


Animals 

Athymic  male  mice  (outbred  background,  nu/nu;  n  =  300)  were  purchased  from  Charles  River 
Breeding  Laboratories,  Inc.  (Wilmington,  MA)  at  5-6  weeks  of  age  and  acclimatized  in  self- 
contained  filter-top  cages  (7-8  mice/cage)  for  2  weeks  under  appropriate  conditions  for 
immunocompromised  rodents.  Autoclaved  bedding,  food,  and  water  were  provided.  Rapid  CO2 
euthanasia  was  performed  in  compliance  with  the  NIH  Guide  for  the  Care  and  Use  of 
Laboratory  Animals.  The  study  was  approved  by  the  Institutional  Animal  Care  and  Use 
Committee. 

Tumor  cell  line,  tumor  induction,  and  volume  measurements 

The  rat  C6  nitrosourea-induced  glioma  cell  line,  originally  derived  by  Benda  et  al.  was 
obtained  from  the  American  Type  Culture  Collection  (ATCC;  Rockville,  MD).  The  tumor  cells 
were  cultured  in  Dulbecco’s  minimal  essential  medium  (DMEM;  Irvine  Scientific,  Santa  Ana, 
CA)  containing  10%  bovine  calf  serum  (BCS;  Hyclone  Laboratories,  Logan,  UT),  and  antibiotics 
(Sigma  Chemical  Co.,  St.  Louis,  MO).  The  cells  were  harvested,  washed,  counted,  adjusted  to  a 
concentration  of  2.5  x  106  cells/ml  in  phosphate  buffered  saline  (PBS),  and  injected 
subcutaneously  (s.c.)  in  the  right  hind  flank  (5  x  105  cells/0.2  ml/mouse).  Tumor  dimensions 
were  measured  with  vernier  calipers  and  volumes  were  calculated:  tumor  volume  (mm  )  —  (H 
W  L)/2,  where  H  =  height,  W  =  width,  and  L  =  length  of  the  tumor. 


pGLl-TNF-a  and  pWS4 

The  human  recombinant  TNF-a  coding  sequence  in  plasmid  pUC18  was  purchased  from  R  &  D 
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Systems,  Inc.  (Minneapolis,  MN).  The  TNF-a  coding  sequence  was  then  ligated  into  the 
poly  linker  region  of  plasmid  pWS4,  a  universal  eukaryotic  gene  expression  vector  originally 
developed  by  Sheay  et  al.27  The  details  of  pGLl  -TNF-a  construction  and  expression  by 

25 

transfected  C6  cells  in  culture  have  been  previously  reported. 

Phase  A:  Experimental  design 

Mice  (n  =  76)  were  injected  s.c.  with  C6  tumor  cells  that  were  allowed  to  become  established  for 
7  days  (tumor  volume:  ~300  mm3)  before  intratumoral  (i.t.)  injection  of  pGLl -TNF-a.  The 
plasmid  was  administered  at  15pg,  150pg,  and  450pg  in  a  single  injection  using  a  Hamilton 
syringe  with  a  3/4-inch  needle.  The  animals  were  euthanized  at  18  hr,  72  hr,  and  168  hr 
thereafter. 

Phase  A:  Measurement  of  hematological  variables 

Whole  blood  was  collected  in  heparin-containing  syringes  by  cardiac  puncture  at  the  time  of 
euthanasia.  Aliquots  (12  pi)  from  all  of  the  mice  were  then  evaluated  using  the  Vet  ABC 
Hematology  Analyzer  (Heska  Corp.,  Waukesha,  WI)  programmed  to  analyze  murine  blood.  The 
measurements  included  white  blood  cell  (WBC),  red  blood  cell  (RBC)  and  thrombocyte  counts, 
hemoglobin,  and  hematocrit  (%  of  whole  blood  composed  of  RBC). 

Phase  A:  pGLl -TNF-a  expression  in  vivo 

At  each  time  of  testing,  representative  tumors  were  excised  (n  =  3/group/timepoint)  and  cut  into 
small  pieces  in  PBS  with  100  pM  phenylmethylsulfomyl  fluoride  (PMSF).  After  centrifugation 
for  5  min,  the  supernatants  were  collected  and  stored  at  -70°C.  Whole  blood  was  centrifuged, 
and  plasma  was  frozen.  Immediately  before  quantification  of  human  TNF-a  protein,  the  tumor 
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supernatants  and  plasma  samples  were  thawed  and  analyzed  using  a  commercially  available 
enzyme-linked  immunosorbent  assay  (ELISA)  kit  (Quantikine™,  R&D  Systems,  MN). 

Phase  B:  Experimental  design 

In  this  phase,  additional  mice  (n  =  1 80)  were  treated  similarly  to  those  in  Phase  A  and  assigned 
to  6  different  groups:  a)  no  tumor  control;  b)  PBS-treated  tumor;  c)  pWS4  (150pg);  d)  pGLl- 
TNF-a  (15|xg);  e)  pGLl-TNF-a  (150pg);  and  f)  pGLl-TNF-a  (450pg).  The  animals  were 
weighed,  and  blood  and  spleens  were  collected  for  a  series  of  in  vitro  assays  (described  below)  at 
16  hr,  64  hr  and  88  hr  after  pGLl-TNF-a  injection.  This  phase  was  performed  in  two  identical 
experiments.  There  were  a  total  of  30  mice  with  no  tumor,  euthanized  in  sets  of  10  at  each  time 
point,  and  10  tumor-bearing  mice/group/time  point. 

Phase  B:  Relative  spleen  weight  (RSW)  and  leukocyte  counts  in  blood  and  spleen 
Whole  blood  was  collected  in  syringes  containing  anticoagulant  by  cardiac  puncture  at  the  time 
of  euthanasia  and  erythrocytes  were  lysed  (Unopette  Microcollection  System,  Becton  Dickinson 
and  Co.,  Rutherford,  NJ).  Spleen  weights  were  determined  and  RSW  values  were  calculated: 
RSW  =  [weight  of  spleen  (g)  x  103]/body  weight  (g).  The  spleens  were  then  processed  into 
single-celled  suspensions,  erythrocytes  were  lysed  in  2  ml  of  lysing  buffer,  and  the  remaining 
leukocytes  were  washed  and  suspended  in  1  ml  of  RPMI  1640  medium  (Irvine  Scientific) 
containing  10%  heat-inactivated  fetal  calf  serum  (FCS;  Hyclone),  antibiotics,  and 
mercaptoethanol.  Viable  leukocytes  from  both  blood  and  spleen  were  counted  with  a 
hemocytometer  using  the  trypan  blue  exclusion  method. 
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Phase  B:  Spontaneous  and  mitogen-induced  blastogenesis 

These  assays  have  been  previously  described  in  detail.28,29  Briefly,  to  quantify  the  basal 
proliferation  of  leukocytes,  aliquots  of  whole  blood  were  diluted  with  supplemented  RPMI 1640 
medium  (Irvine  Scientific)  and  dispensed  into  wells  of  microculture  plates.  One  fiCi  of  3H- 
thymidine  (3H  -TdR;  specific  activity  =  46  Ci/qmol;  ICN  Biochemicals,  Costa  Mesa,  CA)  was 
immediately  added,  and  incubation  was  for  3  hr  at  37°C.  Spleen  leukocytes  (2  x  106/ml  in 
medium)  were  dispensed  into  microtiter  plates  either  with  or  without  lipopolysaccharide  (LPS; 
Sigma),  incubated  for  48  hr,  and  pulse-labelled  with  3H-TdR  (1  pCi/50  pl/well)  for  the  final  4  hr. 
In  both  assays,  cells  were  harvested  with  a  multiple  sample  harvester  and  the  incorporated 
radioactivity  was  quantified.  For  spleen  cells  incubated  with  mitogen,  the  counts  per  minute 
(cpm)  were  used  to  calculate  a  stimulation  index  (SI):  SI =  (cpm  with  LPS  —  cpm  without 
LPS)/cpm  without  LPS.  The  spontaneous  uptake  of  3H-TdR  was  adjusted  to  cpm/10  cells, 
based  on  the  total  leukocyte  count. 

Phase  B:  Flow  cytometry  analysis  of  spleen  and  blood  lymphocyte  populations 
Immunophenotyping  was  carried  out  using  a  4-color  FACSCalibur™  flow  cytometer  (Becton 
Dickinson,  Inc.,  San  Jose,  CA)  and  standard  techniques.  A  rapid  2-tube  procedure  was 
employed  using  custom-monoclonal  antibody  (MAb)  conjugates  specially  designed  for 
investigators  in  the  LLU  Radiobiology  Program  by  Pharmigen  (San  Diego,  CA)  in  collaboration 
with  Becton  Dickinson.  Briefly,  the  MAb  were  labeled  with  FITC,  PE,  APC,  or  PerCP  and 
directed  against:  natural  killer  (NK)  cells  (PanNK+),  B  cells  (CD19+),  mature  T  (CD3+),  T 
helper  (CD4+  Th),  and  T  cytotoxic  (CD8+  Tc)  cells.  Additional  tests  were  performed  on  gated 
lymphocytes  to  quantify  cells  with  CD71,  CD25,  CD3/CD71,  and  CD3/CD25  markers.  Analysis 
was  performed  using  CellQuest™  software  version  3.1  (Becton  Dickinson).  A  total  of  10,000 
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lymphocyte  events/tube  were  acquired.  To  obtain  the  number  of  cells  for  each  lymphocyte 
population,  the  following  formula  was  used:  no.  of  cells  in  population/ml  =  no.  of  leukocytes/ml 
x  percentage  of  population. 

Phase  C:  Experimental  design 

C6  cells  were  injected  as  described  above  and  on  day  9  after  tumor  cell  implantation  the  mice  (n 
=  44)  were  assigned  to  groups:  a)  no  tumor  control,  b)  PBS-treated  tumor,  c)  pGLl-TNF- 
a  (150pg),  d)  radiation,  e)  pWS4  (150pg)  +  radiation,  f)  pGLl-TNF-a  (15pg)  +  radiation,  g) 
pGLl-TNF-a  (150pg)  +  radiation,  and  h)  pGLl-TNF-a  (450pg)  +  radiation.  Irradiation  of 
tumors  was  performed  using  a  ^Cobalt  (60Co)  source  and  an  Eldorado  Model  G  gamma 
irradiation  machine  (Atomic  Energy  of  Canada,  Ltd.,  Commercial  Products  Division,  Ottawa, 
Canada).  The  y-rays  were  delivered  at  2  gray  (Gy)  per  exposure  at  a  dose  rate  of  0.8  Gy/min. 
Lipowitz  metal  alloy  blocks  of  3 -inch  thickness  shielded  the  bodies  of  the  mice  and  the  tumors 
were  covered  with  a  0.5-cm  superflab  bolus.  The  treatment  sequence  consisted  of  i.t.  injection  of 
plasmid  at  5  pg,  50  pg  and  150  pg/mouse/injection  followed  by  tumor  irradiation  16-18  hr  later; 
each  modality  was  administered  three  times  over  a  period  of  9  days.  All  animals  were 
euthanized  when  mean  tumor  volume  in  the  tumor-bearing  PBS-treated  controls  reached  ~2300 

mm3. 

Statistical  analysis 

The  data  were  assessed  using  one-way  analysis  of  variance  (ANOVA)  and  Tukey  s  HSD 
(honestly  significant  difference)  test.  These  analyses  were  performed  using  SigmaStat™ 
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software  version  2.03  (SPSS,  Inc.,  Chicago,  IL).  A  p  value  of  <0.05  indicated  significant 
differences  among  groups. 

RESULTS 

Phase  A:  pGLl-TNF-a  expression  in  tumors  and  plasma 

Table  1  shows  that  human  TNF-a  protein  was  present  in  C6  tumors  at  highest  levels  at  18  hr 
after  pGLl-TNF-a  injection.  Injection  of  the  plasmid  at  a  dose  of  either  150  pg  or  450  pg 
resulted  in  similar  levels  of  the  protein  at  both  the  1 8  hr  and  72  hr  time  points.  TNF-a  was  still 
detectable  at  168  hr  after  injection  at  all  three  doses,  but  the  levels  had  declined  substantially. 

The  cytokine  was  not  detected  in  plasma  at  any  time  of  testing. 

Phase  A:  Hematological  variables 

Erythrocyte  characteristics  and  the  numbers  of  thrombocytes  and  leukocytes  in  blood  are 
presented  in  Table  2.  Red  blood  cell  counts  were  significantly  reduced  in  all  tumor-bearing  mice 
by  168  hr  compared  to  mice  with  no  tumor  (P<0.05).  At  this  same  time  point,  hemoglobin 
content  was  low  in  pGLl-TNF-a  (15pg/450pg)-injected  groups  and  hematocrit  values  were  low 
in  the  groups  receiving  pGLl-TNF-a  (15pg/450pg)  and  PBS  (P<0.05).  The  reduction  in 
erythrocyte  number,  hemoglobin,  and  hematocrit  was  most  striking  in  the  high-dose  (450pg) 
pGLl-TNF-a-treated  mice.  At  72  hr  the  platelet  count  was  significantly  reduced  in  the  pGLl- 
TNF-a  (450pg)  group,  whereas  leukocytes  were  elevated  after  the  150pg  dose. 

Phase  B:  Body  weights,  leukocyte  and  lymphocyte  counts,  RSW,  and  tumor  volumes 

There  were  no  significant  differences  in  mouse  body  weights  at  all  measured  time  points.  Mean 
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values  ranged  from  26.3  +/-  0.7g  (pGLl-TNF-a,  450pg)  to  29.0  +/-  0.7g  (PBS)  at  16  hr  and  29.2 
+/-  l.Og  (PBS)  to  31.3  +/-  1.2g  (pGLl-TNF-a,  450pg)  by  88  hr.  The  leukocyte  and  lymphocyte 
numbers  obtained  for  both  blood  and  spleen  and  relative  spleen  weight  (RSW)  values  are  shown 
in  Table  3.  In  the  blood,  significantly  increased  leukocyte,  but  not  lymphocyte,  counts  were 
noted  only  at  64  hr  in  the  PBS-  and  pGLl-TNF-a  (150|xg)-treated  groups  when  compared  to 
normal  mice  with  no  tumor  (P<0.05).  At  this  same  time,  significantly  elevated  leukocyte 
numbers  were  found  in  spleens  from  all  tumor-bearing  mice  compared  to  controls  without  tumor, 
lymphocyte  and  RSW  values  were  increased  in  the  groups  injected  with  15|xg  and  150pg  of 
pGLl-TNF-a  (P<0.01).  By  88  hr,  leukocyte  and  lymphocyte  numbers  in  the  spleen  were  high  in 
pGLl-TNF-a  (15pg/150(Jig)-  and  pWS4-treated  groups  and  splenomegaly  was  noted  in  all 
groups  receiving  plasmid  (pGLl-TNF-ct  or  pWS4).  In  general,  the  mice  injected  with  15pg  or 
150p,g  of  pGLl-TNF-a  tended  to  exhibit  the  greatest  increases  in  these  measurements.  Tumor 
volumes  were  not  significantly  different  among  the  groups  throughout  this  phase.  Mean  tumor 
volumes  at  16  hr  after  injection  ranged  from  219  +/-  50mm3  (PBS)  to  356  +/-  49mm3  (pGLl- 
TNF-a,  15pg);  at  88  hr  the  mean  values  ranged  from  1,746  +/-  163mm3  (pGLl-TNF-a,  150pg) 
to  1,993  +/-  239mm3  (PBS). 

Phase  B:  Spontaneous  and  mitogen-induced  blastogenesis 

Significant  2.7-  to  4.1 -fold  increases  in  spontaneous  blastogenesis  were  observed  in  the  blood 
from  pGLl-TNF-a  (150pg/450pg)-  and  pWS4-treated  groups  at  16  hr  after  plasmid  injection 
compared  to  mice  with  no  tumor  (PO.OOl),  but  there  were  no  differences  among  groups  at  64  hr 
and  88  hr  (Table  4).  In  the  spleen,  a  significant  increase  in  spontaneous  incorporation  of  3H-TdR 
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into  DNA  was  observed  only  at  64  hr  in  the  group  receiving  15pg  of  pGLl-TNF-a.  The 
response  of  spleen  cells  to  LPS  stimulation  was  similar  among  all  groups  (Table  4). 

Phase  B:  Flow  cytometry  analysis  lymphocyte  populations 

Figure  1  presents  the  numbers  of  NK  (panNK+)  cells  in  the  blood  and  spleen.  Injection  with 
150p,g  and  450pg  pGLl-TNF-a  and  pWS4  resulted  in  significantly  increased  NK  cell  numbers 
in  blood  at  16  hr  compared  to  mice  with  no  tumor  (PO.OOl).  The  mean  for  the  pWS4  group 
was  also  significantly  higher  than  that  for  the  PBS-injected  control  group.  In  the  spleen,  the 
groups  treated  with  1 5|ig  and  1 50ug  of  pGL2-TNF-tx  exhibited  the  highest  NK  cell  levels  at  64 
hr,  although  statistical  significance  was  not  obtained.  Figure  2  shows  that  mice  injected  with 
pGLl-TNF-a  (450mg)  and  pWS4  had  lower  B  cell  numbers  in  the  blood  at  16  hr  compared  to 
the  no  tumor  and  PBS-injected  mice  (P<0.005).  In  contrast,  the  number  of  splenic  B  cells  was 
significantly  elevated  at  both  the  64  hr  and  88  hr  time  points  in  the  groups  receiving  15p.g  and 
150|xg  of  pGLl-TNF-a  (PO.OOl).  A  high  B  cell  count  was  also  noted  with  pWS4  injection  by 
88  hr.  CD4+  Th  and  CD8+  Tc  subsets  were  detectable  in  both  blood  and  spleen,  however  the 
numbers  and  percentages  were  very  low  and  no  specific  pattern  of  changes  was  observed  with 
treatment  (data  not  shown). 

The  numbers  of  blood  and  spleen  lymphocytes  expressing  the  CD71  activation  marker  are 
shown  in  Figure  3.  In  the  blood,  mice  treated  with  pGLl-TNF-a  at  15jxg  and  150(xg  had 
significantly  increased  levels  of  CD71+  cells  at  64  hr  and  88  hr  post-injection  compared  to  mice 
with  no  tumor  (P<0.01);  mean  values  were  2.1-  to  2.7-fold  greater.  In  the  spleen,  increases  in 
CD71+  lymphocytes  were  also  evident  in  these  two  groups  at  64  hr  and  88  hr  and  were  more 
dramatic  than  in  blood,  e.g.  6.2-  and  8.2-fold  above  normal  controls  at  64  hr,  (P<0.005).  The 
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pGLl-TNF-a  (15|xg/150pig)  groups  also  had  significantly  more  splenic  CD71+  lymphocytes 
than  the  PBS-  and  pWS4-injected  mice  at  64  hr.  Several  additional  differences  were  noted. 

Figure  4  presents  the  numbers  of  CD25+  lymphocytes  in  the  blood  and  spleen.  In  the  blood, 
a  significant  increase  was  noted  in  the  pGLl-TNF-a  (150pg)  group  compared  to  the  group  with 
no  tumor  (P<0.005).  The  data  also  show  that  all  tumor-bearing  mice,  except  those  treated  with 
450  (xg  of  pGLl-TNF-a,  had  significantly  increased  numbers  of  CD25+  cells  at  88  hr  in  relation 
to  animals  without  tumor  (PO.OOl).  In  addition,  the  groups  treated  with  \5\xg  and  150(xg  pGLl- 
TNF-a  had  the  highest  levels  of  these  cells  at  that  time.  Figure  5  shows  that  the  numbers  of 
splenic  lymphocytes  expressing  CD3  and  either  CD71  (CD3+/CD71+)  or  CD25  (CD3+/CD25+) 
were  significantly  increased  in  mice  treated  with  1 50ug  of  pGLl-TNF-ot  compared  to  nearly  all 
other  groups  at  64  hr  (P<0.001).  Need  blood  CD3/CD71  and  CD j  CD25  stats 

Phase  C:  Tumor  progression  after  pGLl-TNF-a  and  radiation 

Figure  6  shows  that  pGLl-TNF-a  at  doses  of  15  fxg  andl50  \ig,  in  combination  with  60Co 
radiation,  significantly  slowed  C6  tumor  progression  compared  to  mice  injected  with  PBS  or 
pGLl-TNF-a  (450|xg)  at  nearly  all  times  of  measurement.  By  18  days  after  C6  cell 
implantation,  mean  tumor  volumes  in  these  two  groups  were  43-51%  smaller  than  those  for  the 
PBS-injected  control  group  and  56-62%  smaller  compared  to  the  group  receiving  only  pGLl- 
TNF-a  (150|xg).  There  was  no  significant  difference  in  tumor  volume  between  these  two 
combination  groups  at  any  time.  Tumor  growth  in  the  mice  treated  with  pGLl-TNF-a  (450pg)  + 
60Co  and  pWS4  +  60Co  was  similar  to  that  of  radiation  alone. 
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DISCUSSION 


In  Phase  A  of  this  study,  the  kinetics  of  pGLl-TNF-a  expression  was  determined  after  i.t. 
injection  at  varying  concentrations.  The  results  show  that  human  TNF-ct  protein  was  present  in 
C6  tumors,  with  peak  levels  found  at  the  earliest  time  point  of  measurement  (18  hr  post¬ 
injection),  and  that  the  expression  was  dose-dependent  and  temporary .  The  transient  nature  of 
pGLl-TNF-a  expression  could  be  considered  as  an  advantage,  since  continuous  production  of 
the  cytokine  would  increase  the  risk  for  severe  side  effects  associated  with  administration  of 
TNF-a  protein.17,18’30,31  Furthermore,  a  major  purpose  of  TNF-a  in  the  proposed  combined 
regimen  is  to  enhance  radiation  efficacy  during  therapy.  Mechanisms  by  which  the  cytokine 
may  accomplish  this  include  the  induction  of  wild-type  p53  expression,  damage  to  tumor 
vasculature  resulting  in  ischemic  tumor  necrosis,34,35  induction  of  apoptosis,  and  augmentation 
of  oxygen  radical  production  by  either  the  tumor  cells  themselves36  or  by  phagocytic  cells  of  the 
host.37 

In  the  present  study,  the  human  TNF-ct  protein  was  not  detected  in  the  plasma  at  all  times  of 
testing,  yet  systemic  changes  were  observed.  Blood  analyses  were  performed  in  Phase  A  to 
detect  possible  hematological  toxicities.  TNF-a  has  been  implicated  as  the  mediator  of 
erythropoiesis  suppression,  anemia,  weight  loss,  and  hypercalcemia  associated  with  cancer. 
Studies  have  also  shown  that  thrombocytopenia  and  leukopenia  can  occur  after  TNF-a 
administration.41^  Furthermore,  since  suppression  of  normal  hematopoiesis  is  often  a  dose- 
limiting  factor  in  radiation  therapy,45  the  combination  of  two  modalities  with  a  similar  toxicities 
may  lead  to  serious  consequences.  We  found  that  by  168  hr  post-injection,  the  number  of  RBC 
in  peripheral  blood  had  declined  significantly  in  all  tumor-bearing  groups  and  consistently  low 
hemoglobin  and  hematocrit  values  were  obtained  for  these  mice.  The  most  dramatic  reductions, 
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however,  were  seen  in  the  group  treated  with  the  highest  dose  of  pGLl-TNF-a  (450pg).  Platelet 
counts  were  significantly  low  at  72  hr  in  the  pGLl-TNF-a  (450 pg)  group,  but  leukocyte  counts 
remained  close  to  normal  in  most  groups.  The  thrombocytopenia  seen  with  high-dose  pGLl- 
TNF-a  may  be  due  to  platelet  migration  into  tumor  and/or  decreased  survival  due  to  mast  cell 
release  of  platelet  agonists.43’4**”4**  Overall,  these  findings  indicate  that  pGLl-TNF-ct,  when  used 
in  relatively  low  amounts  (1 5ug  and  150pg),  is  nontoxic  to  the  hematopoietic  system,  but  that  a 
high  dose  (450pg)  may  be  contraindicated. 

Given  the  transient  nature  of  pGLl -TNF-a  expression,  in  Phase  B  we  focused  on  the  16-88 
hr  time  period  after  injection.  Although  increased  spontaneous  blastogenesis,  based  on  3H-TdR 
uptake,  was  noted  at  16  hr  and  a  modest  elevation  in  leukocyte  numbers  occurred  in  the  blood  at 
64  hr  after  pGLl-TNF-a  injection,  similar  increases  occurred  in  the  PBS-  and  pWS4-treated 
groups.  In  contrast  to  the  blood,  striking  changes  in  the  spleen  were  associated  with  pGLl-TNF- 
a  treatment,  especially  when  administered  at  the  15pg  and  150pg  doses.  Splenomegaly,  high 
leukocyte  and  lymphocyte  counts,  and  increased  spontaneous  blastogenesis  were  noted  at  various 
times  post-injection,  indicating  that  a  significant  degree  of  activation  was  occurring  in  the  spleen. 
TNF-a  can  recruit  non-specific  immune  effector  cells  and,  in  a  syngeneic  host,  facilitate  the 
development  of  specific  anti-tumor  responses.  The  finding  that  the  combination  of  TNF-a 
together  with  granulocyte/macrophage  colony-stimulating  factor  induces  the  maturation  of 
dendritic  cells  (the  most  effective  antigen  presenting  cells)  supports  this  latter  possibility.49 

The  results  from  Phase  B  also  show  that  the  number  of  circulating  NK  (panNK+)  cells  were 
significantly  elevated  after  pGLl-TNF-a  (150pg/450pg)  injection,  although  pWS4  also  induced 
this  effect.  In  the  spleen,  the  highest  levels  of  NK  cells  were  found  after  pGLl-TNF-a 
(15pg/150pg)  treatment.  NK  cells  are  lymphocytes  that  kill  tumor  targets  in  a  non-specific 
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manner.  It  has  been  demonstrated  that  the  tumoricidal  activity  of  spleen  cells  in  athymic  mice 
includes  NK  cells,  as  well  as  other  non-specific  cytotoxic  cell  types.50  He  et  al.51  recently 
showed  that  i.v.  injection  of  naked  plasmid  DNA  encoding  various  genes  can  enhance  NK  cell 
numbers  in  spleen  and  lymph  nodes  within  a  few  days.  Mechanisms  of  tumor  rejection  in 
athymic  mice  xenotransplanted  with  human  head  and  neck  carcinomas  have  been  correlated  with 
NK  cell  activation.52  The  data  also  show  that  significant  increases  occurred  in  CD19+  B  cells  in 
the  spleen,  but  not  blood,  after  pGLl-TNF-a  (15pg/150ng)  injection.  However,  spleen  cell 
response  to  LPS,  a  B  cell  mitogen,  was  similar  among  groups.  Overall,  B  lymphocytes  are 
thought  to  play  a  relatively  minor  role  in  tumor  defense. 

Our  previous  studies  in  the  C6  tumor  —  athymic  mouse  model  demonstrated  an  increase  in 
leukocyte  populations,  especially  granulocytes  expressing  the  CD69  activation  marker,  when 
pGLl-TNF-a  complexed  to  a  cationic  polyamine  was  injected  intratumorally.24  Histological 
evaluation  of  stained  tumor  sections  showed  presence  of  a  granulocytic,  as  well  as  lymphocytic, 
infiltrate.  In  assessing  cellular  modulations  in  the  present  study,  we  focused  on  the  lymphocytes 
by  gating  on  these  cells  during  flow  cytometry  analysis.  The  data  show  that  the  number  of 
lymphocytes  expressing  the  CD71  (transferrin  receptor)  activation  marker  were  elevated  in  both 
the  blood  and  spleen  after  pGLl-TNF-a  injection.  The  most  striking  increase  (818%  compared 
to  non-tumor  bearing  mice;  275%  and  365%  compared  to  pWS4-  and  PBS-injected  mice, 
respectively)  occurred  in  the  spleens  of  animals  treated  with  the  150pg  dose  of  pGLl-TNF-a. 
CD71  is  a  non-lineage  restricted  marker  that  is  expressed  by  activated  lymphocytes,  monocyte- 
macrophages,  and  neutrophils.53  Interestingly,  it  has  been  shown  that  whole-body  irradiation  up 
to  7  Gy  results  in  mononuclear  cell  activation  and  expression  of  CD71  that  is  dose-  and  time- 
dependent.54  The  results  also  show  that  CD25+  splenic  lymphocytes  were  greatly  increased  by 
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pGLl-TNF-a  expression.  Historically,  CD25  (IL-2  receptor  a  chain)  was  often  used  as  a  T  cell 
activation  marker,  but  it  is  now  known  to  also  be  present  on  activated  NK  and  B  cells.  CD25 
and  CD71are  also  found  on  the  surface  of  activated  CD3+  T  cells.  Although  present  in  very 
small  numbers,  athymic  mice  are  not  entirely  devoid  of  this  cell  population.  Furthermore,  it 
has  been  demonstrated  that  post-thymic  T  cells  show  extensive  self-renewal,  expansion,  and 
functional  activity  in  the  absence  of  the  thymus.57  Because  of  these  and  other  similar 
observations,  we  chose  to  evaluate  T  cells  in  the  present  study.  CD3+  T  lymphocytes  were 
significantly  increased  in  the  spleen  after  pGLl-TNF-a  (150ug)  injection  and  increases  in 
CD3+/CD25+  and  CD3+/CD71+  cells  were  observed  in  these  mice.  Approximately  40%  of  the 
CD3+  cells  also  expressed  CD71,  whereas  only  7%  of  these  cells  also  expressed  CD25. 
However,  it  remains  to  be  determined  whether  the  activated  T  cells  were  functionally  competent. 

We  have  previously  demonstrated  that  i.t.  injection  of  1 50ug  of  naked  pGLl-TNF-a  can 
enhance  the  effects  of  radiation  against  C6  glioma  when  tumor  irradiation  is  performed  at  16-18 
hr  after  administration.25  In  Phase  C  of  the  present  study  we  compared  the  efficacy  of  the  15pg 
and  450|xg  doses  to  that  of  the  150pg  dose.  The  data  show  that  pGLl-TNF-a  at  a  total  of  either 
15pg  or  150[ig  in  combination  with  radiation  significantly  slowed  C6  tumor  progression,  and 
that  the  degree  of  tumor  growth  inhibition  was  virtually  identical  between  the  two  doses.  This 
indicates  that  a  beneficial  effect  can  be  achieved  with  pGLl-TNF-ct  at  doses  as  low  as  1 5  ug 
(given  at  5pg/injection  over  a  period  of  9  days).  In  contrast,  when  450pg  of  pGLl-TNF-a  was 
administered  together  with  radiation,  tumor  growth  inhibition  was  similar  to  that  of  radiation 
alone.  The  reasons  for  the  lack  of  any  further  effect  with  the  highest  amount  of  pGLl-TNF-a 
are  not  known.  However,  it  is  possible  that  an  increase  in  soluble  TNF-a  receptors  (i.e.,  sTNF- 
RI  and  sTNF-RII)  may  have  occurred,  which,  upon  binding  to  TNF-a,  can  inhibit  its  effects. 
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In  addition,  there  is  evidence  that  platelets  infiltrating  into  tumors  may  reduce  tumor  response  to 
TNF-a,  limit  antitumor  activity  of  infiltrating  macrophages,  and  shield  tumor  cells  from  NK  cell 
attack.406,47  Based  on  the  above  reports  and  our  data  showing  a  decrease,  albeit  transient,  in 
circulating  platelets  after  450pg  of  pGLl -TNF-a,  it  is  tempting  to  speculate  that  the  platelets  in 
the  mice  may  have  accumulated  within  tumors,  resulting  in  reduced  tumor  response. 

In  summary,  the  present  study  shows  that  i.t.  injection  of  pGLl -TNF-a  results  in  transient 
expression  of  TNF-a  in  vivo  and  that  relatively  low  doses  induce  marked  lymphocyte  activation, 
especially  in  the  spleen.  There  were  no  toxicities  associated  with  15pg  and  150pg  pGLl-TNF- 
a  treatment,  based  on  hematological  assays  and  body  weights.  The  data  also  demonstrate  that 
C6  tumor  progression  was  significantly  inhibited  when  pGLl -TNF-a  was  administered  together 
with  radiation.  This  latter  experiment  showed  that  the  pGLl -TNF-a  dose  of  15pg  could  achieve 
the  same  effect  as  the  10-fold  higher  dose  of  150pg.  Taken  together,  the  results  demonstrate  that 
low-dose  pGLl -TNF-a  is  non-toxic  and  suggest  that  it  may  contribute  tp  the  anti-tumor  effects  of 
radiation,  at  least  partly,  by  activation  of  lymphocyte  populations.  Experiments  ongoing  in  our 
laboratories  are  designed  to  determine  whether  this  combination  approach  will  prove  to  be 
beneficial  in  the  control  of  intracranial  glioma  growth. 
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Table  1.  Expression  of  TNF-a  protein  in  C6  tumor  with  time  after  intratumoral  injection 
of  pGLl-TNF-a  in  Phase  A 


Amount  of 

pGLl-TNF-aa 

pg/e  tumor 

hours:  16 

72 

168 

Opg 

0  +/-  0b 

0+/-0 

0+/-0 

15  pg 

404  +/-  60 

135  +/-  68 

7+/- 5 

150  pg 

714+/- 182 

301  +/-  59 

60  +/-  32 

450  pe 

765  +/-  201 

294  +/-  55 

146+/- 51 

“Single  i.t.  injection  of  pGLl -TNF-cx,  7  days  after  s.c.  implantation  of  5  x  10  C6  cells,  mean 
tumor  volume  at  this  time  was  300-500  mm3. 

bMean+/-SEM;n  =  3/group/time  point.  Sensitivity  of  assay:  0.18pg/ml. 
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Table  3.  Relative  spleen  weight  (RSW)  and  leukocyte  and  lymphocyte  numbers  in  blood 
and  spleen  from  mice  in  Phase  B 


Blood 

Spleen 

Time3 

GrouDb 

leukocytes 

<xio6/mr» 

lymphocytes 

txioVmri 

RSW 

leukocytes  lymphocytes 

(xl06/mD  (xl06/ml) 

No  tumor 

4.2+/-0.2c 

2.8+/-0.2 

41.5+/-1.8 

55.4+/-3.0  30.1+/-2.5 

16  hr 

Tumor-bearing: 

PBS 

5.4+/-0.6 

3.0+/-0.4 

42.6+/-2.7 

49.7+/-6.3  29.6+/-5.0 

pWS4  (150|xg) 

5.2+/-0.4 

2.1+/-0.1 

53.0+/-4.5 

57.6+/-9.4  28.8+/-5.4 

pGLl-TNF  (15pg) 

4.5+/-0.3 

2.3+/-0.2 

46.7+/-2.6 

45.4+/-9.0  25.6+/-6.0 

pGLl-TNF  (150pg) 

5.1+/-0.3 

2.4+/-0.2 

53.3+/-5.0 

60.1+/-9.0  31.3+/-5.4 

pGLl-TNF  (450pg) 

4.8+/-0.4 

2.0+/-0.2 

54.3+/-3.4 

72.2+/-8.9  37.7+/-6.3 

64  hr 

PBS 

6.0+/-0.5d 

3.2+/-0.3 

55.3+/-3.1 

120.2+/-17.3e  42.1+/-3.7 

pWS4  (150pg) 

5.9+/-0.5 

3.2+/-0.3 

53.2+/-2.6 

125.4+/-13.3*  43.2+/-5.3 

pGLl-TNF  (15pg) 

5.5+/-0.3 

2.5+/-0.1 

69.9+/-7.16 

140.0+/-9.86  57.8+/-5.1f 

pGLl-TNF  (150pg) 

6.4+/-0.6d 

2.7+/-0. 1 

74.2+/-9.06 

162.9+/-14.06  62.7+/-7.9e 

pGLl-TNF  (450pg) 

5.2+/-0.4 

2.7+/-0.3 

57.5+/-5.5 

146.3+/-13.26  49.1+/-7.9 

88  hr 

PBS 

4.5+/-0.3 

2.4+/-0.2 

50.7+/-1.5 

78.7+/-7.3  53.2+/-5.1 

pWS4  (150pg) 

5.4+/-0.3 

3.2+/-0.2 

59.7+/-4.0d 

100.2+/-10.6d  63.7+/-65e 

pGLl-TNF  (15pg) 

5.0+/-0.4 

2.6+/-0.2 

77.4+/-5.7e,g 

118.0+/-13.06  73.3+/-8.9e 

pGLl-TNF  (150|xg) 

5.8+/-0.7 

3.0+/-0.3 

65.9+/-3.4e 

99.3+/-9.1d  65.6+/-7.8e 

pGLl-TNF  (450pg) 

4.8+/-0.7 

2.2+/-0.2 

62.9+/-6.5f 

86.9+/-7.0  53.9+/-5.4 

aTime  after  i.t.  injection  of  pGLl-TNF-a. 

bn  =  30  mice  with  no  tumor;  n  =  10  mice  with  tumor/group/time  point. 
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cMean  +/-  SEM. 


dP<0.05  compared  to  no  tumor. 
eP<0.001  compared  to  no  tumor. 
fP<0.01  compared  to  no  tumor 
gP<0.01  compared  to  PBS  at  88  hr. 


Table  4.  Spontaneous  and  mitogen-induced  blastogenesis  in  mice  from  Phase  B 


Spontaneous  blastoeenesis  (cpm/106cells)  Spleen 


Timea 

Groupb 

blood 

soleen 

LPS  -  SI° 

No  tumor 

6,652 +/-756d 

26,318+/- 2,670 

161+/- 23 

16  hr 

Tumor-bearing: 

PBS 

2,444+/- 553 

29,220  +/-  3,236 

248  +/-  20 

pWS4  (150pg) 

27,095  +/-  3,684e,f 

33,700  +/-  4,700 

199+/-31 

pGLl-TNF  (15pg) 

5,230  +/-1 ,175 

25,910+/- 4,610 

194+/- 36 

pGLl-TNF  (150jxg) 

18,192  +/-  2,906e 

35,275  +/-  3,884 

137+/- 23 

pGLl-TNF  (450|ig) 

24,833  +/-  6,754e,f 

43,819+/-  12,827 

141  +/-  23 

64  hr 

PBS 

4,933  +/-  809 

39,324  +/-  3,489 

114+/- 16 

pWS4  (150pg) 

7,626+/-  1,159 

36,961  +/-  3,344 

130+/- 16 

pGLl-TNF  (15pg) 

7,017+/-  1,039 

50,212  +/-  5,7278 

131+/- 30 

pGLl-TNF  (150pg) 

8,831  +/-  1,465 

49,680  +/-  4,343 

68  +/-  20 

pGLl-TNF  (450pg) 

13,513+/- 2,779 

38,897  +/-  3,908 

129+/- 46 

88  hr 

PBS 

3,528  +/-  569 

26,699  +/-2,199 

176+/-  17 

pWS4(150pg) 

3,760  +/-  579 

27,372  +/-  2,461 

161  +/-  13 

pGLl-TNF  (15 (xg) 

7,595  +/-  735 

34,707  +/-  3,639 

207  +/-  20 

pGLl-TNF  (150pg) 

5,968  +/-  589 

28,918  +/-  5,024 

162+/- 14 

pGLl-TNF  (450pg) 

7,618+/- 1,379 

27,278  +/-  2,955 

163  +/-  17 

“Time  after  i.t.  injection  of  pGLl-TNF-a. 

bn  =  30  mice  with  no  tumor;  n  =  10  mice  with  tumor/group/time  point. 

Stimulation  index  (SI)  after  activation  with  lipopolysaccharide  (LPS):  (cpm  with  LPS  -  cpm 
without  LPS)/cpm  without  LPS. 
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dMean  +/-  SEM. 

eP<0.001  compared  to  no  tumor  and  PBS. 
fP<0.001  compared  to  pGLl-TNF-a  (15p.g)  at  16  hr. 
8P<0.005  compared  to  no  tumor. 
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LEGENDS  FOR  FIGURES 


Figure  1.  NK  cells  in  Phase  B  mice.  Each  bar  represents  the  mean  +/-  SEM;  n  =  30  mice  with 
no  tumor,  n  =  10  tumor-bearing  mice/group/time  point,  a:  PO.OOl  vs.  no  tumor  and  PBS, 

PO.05  vs  pGLl-TNF-a  (150pg);  b:  PO.OOl  vs.  no  tumor,  PO.05  vs.  pGLl-TNF-a  (15[ig). 

Figure  2.  B  lymphocytes  in  Phase  B  mice.  Each  bar  represents  the  mean  +/-  SEM;  n  =  30  mice 
with  no  tumor,  n  =  10  tumor-bearing  mice/group/time  point,  a:  P0.005  vs.  PBS;  b:  P0.005 
vs.  no  tumor  and  PBS;  c:  PO.OOl  vs.  no  tumor. 

Figure  3.  Lymphocytes  expressing  the  CD71  activation  marker  in  Phase  B  mice.  Each  bar 
represents  the  mean  +/-  SEM;  n  =  30  mice  with  no  tumor,  n  =  10  tumor-bearing  mice/group/time 
point,  a:  PO.01  vs.  no  tumor;  b:  PO.05  vs.  pGLl-TNF-a  (450jig);  c:  PO.OOl  vs  no  tumor; 
d:  PO.01  vs  all  other  groups  except  pGLl-TNF-a  (150|xg);  e:  PO.05  vs.  all  other  groups 
except  pGLl-TNF-a  (15jxg);  f:  PO.05  vs.  no  tumor,  pGLl-TNF-a  (15pg)  and  pGLl-TNF-a 
(150p,g);  g:  PO.05  vs.  no  tumor  and  PBS. 

Figure  4.  Lymphocytes  expressing  the  CD25  activation  marker  in  Phase  B  mice.  Each  bar 
represents  the  mean  +/-  SEM;  n  =  30  mice  with  no  tumor,  n  =  10  tumor-bearing  mice/group/time 
point,  a:  P0.005  vs.  no  tumor;  b:  PO. 005  vs.  no  tumor  and  PBS;  c:  PO.05  vs.  no  tumor, 
PBS,  and  pGLl-TNF-a  (450jxg);  d:  P<0.001  vs.  no  tumor;  e:  PO.OOl  vs.  no  tumor,  pGLl- 
TNF-a  (15pg),  and  pGLl-TNF-a  (150jig). 
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Figure  5.  Lymphocytes  expressing  CD3/CD71  and  CD3/CD25  in  Phase  B  mice.  Each  bar 
represents  the  mean  +/-  SEM;  n  =  30  mice  with  no  tumor,  n  =  10  tumor-bearing  mice/group/time 
point,  a:  P< 0.0  vs.  need  stats  to  finish 

Figure  6..  Tumor  volume  with  time  after  pGLl-TNF-a  and  radiation  treatment  in  Phase  C  mice. 
Each  point  represents  the  mean  +/-  SEM  for  5-6  animals/group,  a:  P  <0.05  compared  to  pGLl- 
TNF-a;  b:  P<0.05  compared  to  PBS. 
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FIGURE  2 
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The  American  Cancer  Society  estimates  that  1,382,400  Americans  were  diagnosed  with  cancer  and 
560,000  Americans  suffered  cancer-related  deaths  during  1997.  Approximately  half  of  patients  diag¬ 
nosed  with  cancer  receive  radiation  treatment.  However,  efficacy  is  limited  by  the  dose  which  can  be 
safely  delivered  to  the  tumor  without  damaging  normal  tissue  and,  thereby,  causing  life-threatening  or 
debilitating  side  effects.  This  is  especially  true  for  highly  malignant,  radiation-resistant  cancers,  such  as 
brain  tumors  —  currently  the  leading  cause  of  cancer  death  in  children  under  1 5  years  of  age. 

The  Loma  Linda  University  Medical  Center  &  Children’s  Hospital  are  recognized  as  a  leader  in 
radiation  treatment  of  cancer  by  establishment  of  the  world’s  first,  largest,  and  most  comprehensive 
hospital-based  proton  treatment  facility.  More  precise  tumor  targeting,  made  possible  by  this  advanced 
technology,  has  significantly  improved  patient  survival  and  decreased  side  effects.  However,  successful 
treatment  of  highly  malignant,  radiation-resistant  tumors  requires  an  innovative  adjunct  strategy. 

Our  cancer  research  team  (a  collaboration  between  Radiation  Medicine  and  Microbiology  & 

Molecular  Genetics)  has  reported  promising  preclinical  results  from  recombinant  human  tumor  necrosis 
factor-alpha  (TNF-a)  protein  administration  prior  to  radiotherapy.  Immunomodulation  and  synergistic 
reduction  of  lung,  colon,  and  brain  (glioma)  tumor  volumes  were  achieved  in  the  athymic/nude  mouse. 

The  project  goal  is  to  increase  the  efficacy  and  safety  of  combined  TNF-a/radiotherapy  for  cancer 
using  the  emerging  biotechnology  of  gene  therapy.  We  have  collaborated  with  the  Center  for  Molecular 
Biology  &  Gene  Therapy  to  construct  a  plasmid  for  local,  high  level  production  of  human  TNF-a  within 
tumors.  We  have  chosen  subcutaneous  and  intracranial  implantation  of  rat  C6  glioma  cells  into  Sprague 
Dawley  rats  to  simulate  highly  malignant,  radiation-resistant  human  cancers  of  the  body  and  brain, 
respectively.  This  cost-effective  preclinical  model  facilitates  intracranial  tumor  implantation,  in  vivo 
gene  therapy,  proton  radiotherapy,  and  provides  a  more  complete  analysis  of  immunomodulation. 

The  specific  aims  are  to  determine:  1)  the  optimal  dose  of  plasmid  (pWS4-TNF-a)  to  administer 
prior  to  radiotherapy;  2)  whether  plasmid-mediated  TNF-a  gene  therapy  enhances  the  antitumor  effects 
of  conventional  radiotherapy  and  stimulates  immunological  response  in  the  subcutaneous  glioma  model; 
and  3)  whether  plasmid-mediated  TNF-a  gene  therapy  enhances  the  antitumor  effects  of  proton  radio- 
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INTRODUCTION 

a  American  Cancer  Society  estimates  that  1,221,800  Americans  were  diagnosed  with  cancer 

and  563,100  Americans  suffered  cancer-related  deaths  in  1999.  Although  approximately  one-half 
of  cancer  patients  receive  radiation  treatment,  efficacy  is  limited  by  the  dose  that  can  be  safely 
delivered  to  tiie  tumor  without  causing  life-threatening  or  debilitating  side  effects.  The  Loma  Linda 
Umvereity  Medical  Center  (LLUMC)  is  recognized  as  a  leader  in  radiation  treatment  of  cancer 
through  its  establishment  of  the  world's  first  largest,  and  most  comprehensive  hospital-based 
proton  treatment  facility.  More  precise  tumor  targeting  made  possible  by  this  advanced  technology 
has  significantly  improved  patient  survival  and  decreased  side  effects.  However,  successful 
treatment  of  highly  malignant  tumors,  requires  adjunct  strategies  to  enhance  tumor  response  to 

pt0  j-  ?f  co™enhonal)  radiotherapy.  Our  multi-disciplinary  research  team  within  the  Department 
of  Radiation  Medicine  (LLUMC)  and  the  Department  of  Microbiology  &  Molecular  Genetics  (LLU) 
has  reported  a  series  of  predinical  studies  showing  immunomodulation  and  a  synergistic  reduction 
mSif  himors  (brain,  lung,  and  colon)  by  low-dose  tumor  necrosis  factor-a 

t  W  u-  m  athyirVc'nude  ( immunocompromised)  mice  when  administered  prior  to  radiotherapy 
lo  achieve  complete  tumor  regression  without  adverse  side  effects,  however,  we  propose  to 
increase  TNF-a  protein  within  the  tumor.  The  project  goal  is  to  improve  the  efficacy  and  safety  of  a 
combined  radio  Jcrapy/TNF-tz  protocol  using  the  emerging  biotechnology  of  gene  therapy.  In 
collaboration  with  the  Center  of  Molecular  Biology  &  Gene  Therapy  (LLU),  we  have  constructed  a 
plasmid  that  expresses  TNF-a  protein  (pGLl-TNF-a)  in  rat  C6  glioma  cells,  both  in  vitro  and  in 
vivo,  in  the  present  study,  athymic  rodents  will  be  used  for  both  subcutaneous  (s.c.,  in  hind  flank) 
and  intracranial  implantation  of  C6  glioma  cells  to  simulate  highly  malignant  tumors  of  the  body 
and  brain,  respectively.  The  primary  hypothesis  is:  Combined  radiation  and  plasmid-mediated  TNF- 
d  gene  therapy  will  produce  a  synergistic  inhibition  of  tumor  progression.  The  secondary  hypothesis 
is.  The  mechanism  of  action  will  include  not  only  the  lethal  effects  of  radiation  and  TNF-a  within 
the  tumor,  but  also  their  mutual  stimulation  of  systemic  antitumor  immune  responses.  In  testing 
these  hypotheses,  the  following  specific  aims  will  be  addressed:  1)  measure  the  level  and  kinetics  of 
1  Nt-a  expression  in  s.c.  C6  tumors  after  treatment  with  varying  doses  of  pGLl-TNF-a-  2) 
determine  if  pGLl-TNF-a  can  enhance  the  antitumor  effects  of  radiation  against  s.c.  C6  tumor 
r??  -AlT^rimUrie  system  parameters  are  upregulated  by  the  treatments;  and  3) 
rv*t,  lf  PJ  Ll'TNF-a  can  enhance  the  antitumor  effects  of  proton  radiation  against  intracranial 
u]nfrumesystem  modification  is  similar  to  what  is  observed  in  Aim  2.  The  results 
ot  this  study  should  provide  valuable  information  that  will  be  applicable  to  more  common  tumor 
types  (e.g.,  those  of  the  colon,  breast,  prostate,  and  lung)  and  thus  may  lead  to  improved 
management  of  many  different  types  of  cancers. 
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EXPERIMENTAL  METHODS/RESULTS/DISCUSSION 

In  the  original  grant  application  submitted  on  10/1/1998,  the  Sprague-Dawley  rat  was  to  be 
used  as  the  host  for  C6  rat  glioma.  However,  new  information,  published  in  1/1999,  described 
genetic  disparity  between  Sprague-Dawley  rats  (and  all  other  rat  strains  currently  available)  and 
the  C6  rat  glioma  cells.  Therefore,  evaluating  the  effects  of  gene  therapy  in  the  C6  tumor /Sprague- 
Dawley  rat  model  would  be  comprised  due  to  rejection  of  the  tumor  cells  in  this  non-syngeneic 
model.  Because  of  these  new  findings,  a  request  was  made  to  NMTB  to  consider  changing  the 
animal  model  from  rats  to  athymic  mice.  A  revised  'Research  Involving  Animals’  form  was 
submitted  on  3/8/ 1999  and  notification  of  approval  was  received  approximately  two  months  later 
(letter  to  Mr.  J.  Patrick  Yhip  dated  5/  6/1999).  Thus,  initiation  of  the  study  was  delayed.  However, 
since  limited  funding  was  available  from  other  sources  that  allowed  subcutaneous  (s.c.) 
implantation  of  C6  tumors  into  athymic  mice  and  treatment  with  radiation  and  plasmid-mediated 
TNF-a  gene  therapy,  related  experiments  were  proceeding.  For  the  present  study,  athymic  mice 
(outbred  background,  male,  nu/nu)  were  utilized. 

Data  from  all  of  Aim  1  and  a  portion  of  Aim  2  (performed  in  a  series  of  in  vivo  phases)  have 
been  analyzed,  compiled  and,  with  the  approval  of  NMTB,  presented  at  a  scientific  meeting,  as 
well  as  submitted  for  publication.  The  contents  of  the  submitted  manuscript  (formatting  of 
references  and  other  sections  are  as  specified  by  the  International  Journal  of  Cancer)  and  a  poster 
presentation  are  included  below. 
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The  major  goal  of  this  study  was  to  determine  if  treatment  with  the  newly 
constructed  plasmid  vector  for  tumor  necrosis  factor-a  (pGLl-TNF-a)  could  enhance  the 
radiation-induced  growth  reduction  of  C6  rat  glioma.  In  addition,  two  different  forms  of 
ionizing  radiation  (  cobalt  photons  and  protons)  were  utilized.  Body  and  spleen  mass 
leukocyte  blastogenesis,  and  flow  cytometry  analysis  of  cell  populations  in  blood  and 
spleen  were  performed  to  detect  toxicity,  if  any,  and  to  identify  mechanisms  that  may 
correlate  with  the  anti-tumor  action  of  combination  therapy.  C6  tumor  cells  were 

implanted  subcutaneous^  into  athymic  mice  and  allowed  to  become  established  before 

treatment  initiation.  pGLl-TNF-a  was  injected  into  the  implanted  tumors,  which  were 
then  irradiated  16-18  hr  later;  each  modality  was  administered  three  times  over  8-9  days. 

°f  pGL1_TNF'a  significantly  enhanced  the  anti-tumor  effect  of  radiation 
(p<0.05).The  effect  was  more  than  additive,  since  pGLl-TNF-a  alone  did  not  slow  tumor 
progression  and  radiation  alone  had  only  a  modest  effect.  Administration  of  pGLl-TNF- 
a  together  with  proton  radiation  resulted  in  tumor  volumes  that  were  23%  smaller  than 
those  following  pGLl-TNF-a/y-ray  treatment;  a  similar  differential  in  tumor  size  was 
observed  m  the  groups  receiving  only  radiation.  Body  weights  and  blood  and  spleen 
cell  analyses  did  not  reveal  treatment-related  toxicity.  High  basal  proliferation  of 

?x!!r  IeUfeCyteS  and  mcreased  B  “11  levels  in  the  spleen  were  associated  with  pGLl- 
irgr-a  +  Co  or  proton  treatment  Overall,  the  results  suggest  that  the  pGLl-TNF- 
a/radiation  combination  is  effective  and  safe  under  the  conditions  employed.  This  is  the 
first  study  to  combine  gene  and  proton  radiation  therapy  and  to  show,  under  controlled 
experimental  conditions,  that  proton  radiation  may  have  a  greater  effect  against 
malignant  tumors  compared  to  the  same  physical  dose  of  y-radiation. 


INTRODUCTION 

According  to  American  Cancer  Society  estimates,  approximately  16,800  brain  and  other 
iWr? QSAy^te^<^/<^rS  ]Vere  °fwly  diagnosed  and  13,100  individuals  with  these  diseases  died  in 
die  U.S.A.  in  1999  (Landis  et  al,  1999).  Although  high-grade  brain  tumors  are  not  frequent  in  the 
human  population,  they  are  among  the  most  deadly  malignancies  in  humans.  Furthermore,  there  is 
considerable  evidence  that  the  incidence  of  primary  brain  tumors  is  increasing  in  the  elderlv 
population  (Laws,  1993).  In  children,  tumors  of  the  central  nervous  system  (CNS)  are  the  leading 
solid  neoplasms,  being  second  only  to  leukemias  in  their  overall  frequency  (Cohen  et  al.,  1994L 
Curative  therapy  for  high-grade  brain  tumors,  such  as  glioblastoma  multiforme,  is  extremely  rare 
fl/  1998)  SUrV1Val  411116  1S  onIy  1  year  from  of  diagnosis  (Loeffler  et  al,  1992;  Prados  et 

a  •  APProxi™atfJy  50%  percent  of  all  cancer  patients  in  the  U.S.A.  receive  radiation  at  some  time 
during  their  treatment  (Coia  et  al,  1994).  This  includes  the  great  majority  of  individuals  with 
malignant  gliomas.  However,  because  of  the  inability  to  selectively  irradiate  the  tumor  mass, 
normal  adjacent  tissues  are  frequently  injured.  High  doses  of  brain  irradiation  can  result  in  radio- 
neorosis,  edema  and  senous  intellectual,  motor  and  sensory  impairment  (Hawkins  et  al,  1987 
i  oiiack,  1^94).  As  a  consequence,  a  less  than  optimal  total  dose  is  frequently  used  to  reduce  the 
possibility  of  unacceptable  damage  to  normal  tissue.  In  -90%  of  children  with  high-grade  brain 

f)Un£r,I  th6,Sn?r  irradiated  field  because  the  prescribed  dose  was  insufficient 

(Leibel  and  Sheline,  1985;  Archambeau  et  al,  1991).  It  is  clear  that  new  therapeutic  approaches  are 
needed  to  augment  existing  therapies  for  improved  management  of  these  neoplasms. 

Radiotherapy  with  heavy  charged  particles,  such  as  protons,  provide  a  superior  method  of 
tumor  targeting  The  dose  distribution  generated  by  a  proton  beam  allows  the  radiation  oncologist 
e  ose  delivered  to  normal  tissues  by  a  factor  of  2  to  5  compared  to  conventional 
radiotherapy thereby  allowing  a  higher  total  dose  to  be  delivered  to  the  tumor  target  (Archambeau 
and  Bennef,  1972;  Archambeau  et  al,  1994).  Thus,  proton  beam  therapy  has  the  potential  to 
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realize  higher  cure  rates  with  fewer  side  effects  than  conventional  photon  beams.  Loma  Linda 
University  Medical  Center  established  the  world's  first  hospital-based  proton  treatment  center  in 
1990  (Slater  et  al.  1988;  Slater  et  al.  1991).  More  than  5,000  patients  have  now  received  proton 
therapy  at  the  facility.  The  proton  accelerator  is  also  available  for  biological  and  physics  research 

We  and  others  have  recently  demonstrated  that  tumor  necrosis  factor-a  (TNF-a),  a  multi¬ 
functional  polypeptide  produced  primarily  by  activated  macrophages,  can  enhance  the  anti-tumor 
effects  of  radiation  (Sersa  etal.,  1988;  Gridley  et  al.,  1994a,  1994b,  1997b,  1997c;  Seungef  al.,  1995; 
Mauceri  et  al.,  1996).  The  biological  effects  of  TNF-a  include  induction  of  hemorrhagic  necrosis  in 
tumors,  direct  cytotoxicity  against  tumor  cells,  and  activation  of  effector  cells  with  tumoriddal 
activity  (Carswell  et  al.,  1975;  Talmadge  et  al.,  1988;  Hemandez-Caselles  and  Stutman  1993). 
However,  serious  side  effects  (e.g.  hypotension,  metabolic  addosis  and  respiratory  distress)  have 
been  noted  with  systemic  administration  of  high-dose  TNF-a,  thereby  limiting  its  use  as  a  sole 
therapeutic  agent  (Creaven  ef  a/.,  1987;  Hersh  etal.,  1991). 

Tumor-localized  gene  therapy  studies  are  now  being  conducted,  with  most  efforts  thus  far 
concentrating  on  viruses  as  vectors  for  TNF-a  and  other  genes  of  interest  (Kramm  et  al.,  1995). 
Unfortunately,  clinical  trials  employing  virus-based  gene  therapies  have  shown  very  little  or  no 
success  with  varying  degrees  of  toxidty  (Alemany  et  al.,  1999;  Melvor  1999).  Plasmid-mediated 
gene  transfer  offers  several  advantages  compared  to  viral  vectors:  dividing  cells  are  not  required, 
insertional  mutagenesis  is  minimized,  there  is  virtually  no  size  limitation,  and  immunological 
problems  should  be  less  likely,  in  as  much  as  DNA  is  a  very  poor  antigen  (Li  and  Huang  2000). 
Furthermore,  interpretation  of  results  is  fadlitated  with  naked  plasmid  vectors  by  the  absence  of 
liposomes,  which  by  themselves  can  mediate  potent  effects. 

The  major  goals  of  the  present  study  were  to  determine  the  effects  of  our  newly  constructed 
plasmid,  pGLl-TNF-a,  when  injected  into  tumors  as  naked  DNA  and  administered  together  with 
ionizing  radiation  (proton  or  y-ray),  against  a  brain  tumor  type  that  is  among  the  most 
radioresistant  and  is  virtually  incurable.  This  is  the  first  study  to  employ  a  combination  of  gene  therapy 
and  proton  radiation  therapy.  Since  both  TNF-a  and  ionizing  radiation  have  profound  effects  on 
leukocyte  populations  and  can  lead  to  serious  side  effects,  we  performed  in  vitro  assays  of  blood 
and  spleen.  These  data  were  also  evaluated  to  determine  if  changes  in  leukocyte  populations  could 
be  correlated  with  enhanced  anti-tumor  efficacy. 


MATERIAL  AND  METHODS 

Animals 

Athymic  mice  (n  =  56;  outbred  background,  male,  nu/ nu)  were  purchased  from  Charles  River 
Breeding  Laboratories,  Inc.  (Wilmington,  MA)  at  5-6  weeks  of  age  and  housed  in  filter-top  cages 
under  conditions  controlled  for  temperature,  humidity,  and  a  12-12  hr  day-night  cycle.  Autoclaved 
bedding,  food,  and  water  were  provided  and  the  animals  were  acclimatized  for  2  weeks  prior  to 
experimentation.  The  mice  were  euthanized  by  rapid  COz  asphyxiation  in  compliance  with  the 
National  Institutes  of  Health  (NIH)  Guide  for  the  Care  and  Use  of  Laboratory  Animals  when  mean 
tumor  volume  in  the  nontreated  tumor  control  group  reached  a  maximum  of  ~2500  mm3.  This  study 
was  approved  by  our  institutional  Animal  Research  Committee. 

C6  tumor  cell  line 

The  rat  C6  nitrosourea-induced  glioma  cell  line  (Benda  et  al.  1968),  was  obtained  from  the 
American  Type  Culture  Collection  (ATCC;  Rockville,  MD).  The  cells  were  cultured  in  Dulbecco's 
minimal  essential  medium  (DMEM;  Irvine  Scientific,  Santa  Ana,  CA)  supplemented  with  10% 
bovine  calf  serum  (Hyclone  Laboratories,  Logan,  UT),  100  pg/ml  fungizone  (E.R.  Squibb  &  Sons, 
Princeton,  NJ),  and  50  pg/ ml  gentamicin  (Sigma  Chemical  Co.,  St.  Louis,  MO).  The  cells  were 
incubated  at  37°C  in  5%  C02  until  near  confluence,  harvested  with  0.25%  trypsin  solution,  washed, 
counted,  and  adjusted  to  the  appropriate  concentration. 

Tumor  induction  and  volume  measurements 

The  C6  tumor  cells  were  harvested,  washed,  counted,  and  injected  subcutaneously  (s.c.)  in 
the  right  hind  flank  at  5  x  10s  cells/0.2  ml  PBS/ mouse.  Tumor  dimensions  were  measured  with 
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vernier  calipers  and  volumes  were  calculated:  tumor  volume  (mm3)  =  (H  '  W  '  L)/2,  where  H  = 
height;  W  =  width,  and  L  =  length  of  the  tumor. 


pGLl-TNF-a 

The  human  recombinant  TNF-a  coding  sequence  in  plasmid  pUC18  was  purchased  from 
R&D  Systems,  Inc.  (Minneapolis,  MN)  and  ligated  into  the  polylinker  region  of  plasmid  pWS4,  a 
universal  eukaryotic  gene  expression  vector  that  contains  the  cytomegalovirus  promoter  (Sheay  et 
ai,  1993).  Details  of  construction  and  preliminary  testing  of  pGLl-TNF-a  have  been  previously 
""’•ted  (T.i  .'tnl.  y.oo  i  Large  amounts  of  pGLl-TNF-a  and  the  parental  pWS4  plasmid  for  the 
present  experiments  were  obtained  by  transformation  into  competent  E.  coli  (strain  DHa5)  and 
scanciara  purification  techniques. 


Tumor  irradiation  with  protons  and  y-rays 

Tumors  were  irradiated  withy-rays  (photons)  using  an  Eldorado  gamma  radiation  machine 
(Atomic  Energy  of  Canada,  Ltd.,  Commercial  Products  Division,  Ottawa,  Canada)  containing  a 
Co  source.  Lipowitz  metal  alloy  blocks  were  used  to  shield  normal  tissues  and  a  0.5  cm 
'superflab'  bolus  was  placed  on  top  of  each  tumor  during  irradiation  to  achieve  full  electronic 
equilibrium.  Proton  irradiation  was  performed  in  the  Proton  Treatment  Center,  located  within 
Loma  Linda  University  Medical  Center.  Protons  were  delivered  at  an  energy  of  250  MeV  with  60 
mm  of  range  modulation.  The  tumor  surface  was  placed  at  the  center  of  the  modulated  region. 
Tumors  were  irradiated  with  the  same  physical  dose  of  either  y-rays  or  protons  at  2  gray  (Gy)  x  3 
fractions,  giving  a  total  dose  of  6  Gy  per  tumor.  The  dose  rate  for  y-rays  was  -0.32  Gy /min; 
protons  were  delivered  as  a  pulsed  beam  in  0.3  sec  pulses  every  2.2  s,  giving  an  average  dose  rate 
of  -0.90  Gy/  min.  Prior  to  irradiation,  the  mice  were  lightly  anesthetized  with  a  ketamine /xylazine 
combination;  animals  not  scheduled  for  treatment  were  also  anesthetized  to  equalize  the  stress 
factor.  Tumors  in  up  to  8  mice  were  irradiated  simultaneously. 

Treatment  protocol 

This  study  was  performed  in  two  separate  experiments.  In  both  experiments,  the  treatments 
were  initiated  when  palpable  tumors  first  appeared  in  all  C6  cell-injected  animals  (days  7-8  post¬ 
injection).  Mice  were  euthanized  1  day  after  the  last  irradiation  (day  17).  The  animals  were 
assigned  to  test  and  control  groups  immediately  before  the  first  treatment.  Intratumoral  injections 
of  pGLl-TNF-a  and  pWS4  were  administered  at  a  dose  50  pg/  injection  using  a  10  pi  Hamilton 
syringe  with  a  1/2  inch  needle;  total  volume  injected  was  225  pi.  The  solution  was  delivered  to  a 
single  location,  approximately  in  the  center  of  the  tumor  mass.  Sixteen  to  18  hr  thereafter,  tumors 
were  irradiated  with  2  Gy  of  either  “Co  y-rays  or  protons.  Plasmid  injection  and  radiation  were 
each  delivered  three  times  over  a  period  of  8-9  days.  Mice  were  weighed  and  the  blood  and  spleens 
were  collected  for  in  vitro  assays. 

Body  and  spleen  mass  and  spleen  and  blood  leukocyte  counts 

At  the  time  of  euthanasia,  the  animals  and  spleens  were  weighed.  Spleens  were  processed  into 
single-celled  suspensions,  erythrocytes  were  lysed  with  lysing  buffer,  and  the  remaining  cells  were 
counted  using  an  ABC  Hematology  Analyzer  (Heska  Corporation,  Waukesha,  WI).  To  determine 
leukocyte  concentration  in  blood,  erythrocytes  were  lysed  by  using  the  Unopette  Microcollection 
System  (Becton  Dickinson  Co.,  Rutherford,  NJ)  and  the  remaining  cells  were  counted  with  a 
hemocytometer. 


Spontaneous  and  mitogen-induced  blastogenesis 

These  assays  have  been  previously  described  in  detail  (Gridley  et  al.,  1997b;  Kajioka  et  al.,  1999). 
Briefly,  the  incorporation  of  3H-thymidine  (3H-TdR;  ICN  Biochemicals,  Costa  Mesa,  CA)  into  cell 
DNA  was  used  to  quantify  the  basal  proliferation  of  leukocytes  and  the  response  of  spleen  cells  to 
lipopolysaccharide  (LPS;  Sigma  Chemical  Co.,  St.  Louis,  MO).  In  the  spontaneous  blastogenesis 
assay,  the  disintegrations  per  minute  (dpm)  were  adjusted  to  106  leukocytes/ml,  based  on  the  blood 
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volume  tested  and  cell  counts.  Response  of  spleen  cells  to  LPS  is  expressed  as  a  stimulation  index 
(SI):  SI  =  (dpm  with  mitogen  -  dpm  without  mitogen)/dpm  without  mitogen. 

Flow  cytometry  analysis  of  blood  and  spleen  lymphocytes 

Immunophenotyping  of  peripheral  blood  and  spleen  samples  was  carried  out  to  quantify 
specific  lymphocyte  populations  using  a  FACSCalibur™  4-channel  dual  laser  flow  cytometer 
(Becton  Dickinson,  Inc,  San  Jose,  CA).  A  lyse-no  wash,  2-tube  procedure  was  employed  using 
custom-monoclonal  antibody  (MAb)  conjugates  specially  designed  for  investigators  in  the  LLU 
Radiobiology  Program  by  Pharmingen(San  Diego,  CA)  in  collaboration  with  Becton  Dickinson.  The 
MAb  were  conjugated  with  fluorescein  isothiocyanate  (FITC),  phycoerythrin  (PE),  allophycocyanin 
(APC),  or  peridinin  chlorophyll  protein  (PerCP);  one  tube  contained  CD3*FITC/CD8*PE/ 
CD45*PerCP  /  CD4*APC,  whereas  the  other  tube  contained  CD3*FITC/pan-NK*PE/CD45*PerCP/ 
B220*APC.  T  (CD3+),  T  helper  (CD4+),  T  cytotoxic  (Tc),  B  (B220+)  and  natural  killer  (NK; 
panNK+)  cell  populations  were  identified.  An  aliquot  (20  pi)  of  each  custom  MAb  mixture  was 
added  to  50  pi  of  undiluted  blood  and  filtered  spleen  cell  samples.  The  tubes  were  vortexed  and 
incubated  for  20  min  in  the  dark  at  room  temperature.  Prewarmed  lysing  buffer  (450  pi)  was  added 
to  each  tube.  The  tubes  were  then  vortexed,  incubated  in  a  37-40°C  water  bath  for  20  min,  and 
placed  on  ice  until  analysis.  A  total  of  10,000  lymphocyte  events/ tube  were  acquired  and  analyzed 
using  CellQuest  software  version  3.1  (Becton  Dickinson). 

Statistical  analysis 

Data  were  assessed  with  one-way  analysis  of  variance  (ANOVA)  and  Tuke/s  USD  (honestly 
significantly  difference  test)  using  SigmaStat™  software  version  2.03  (SPSS,  Inc.,  Chicago,  IL).  A  p 
value  of  <0.05  indicated  statistical  significance  and  p<0.10  a  trend. 


RESULTS 


Tumor  progression  in  experiment  1 

Figure  1  shows  that  pGLl-TNF-a  in  combination  with  “Co  radiation  significantly  slowed 
C6  tumor  progression  compared  to  the  non-treated  tumor-bearing  control  group.  By  day  16,  there 
was  a  tendency  (p  =  0.072)  for  the  mice  treated  with  pGLl-TNF-a  +  “Co  to  have  smaller  tumors 
compared  those  treated  only  with  “Co.  Preliminary  experiments  with  intratumoral  injections  of  the 
parental  pWS4,  at  the  same  dose  used  in  the  present  study,  showed  no  significant  effect  on  tumor 
growth  (data  not  shown). 

Body  mass  and  analyses  of  blood  and  spleen  from  mice  in  experiment  1 

Mouse  body  and  spleen  weights  and  blood  leukocyte  counts  are  summarized  in  Table  1. 
Significantly  higherbody  and  spleen  masses  were  noted  in  fire  non-treated  tumor-bearing  and  “Co- 
treated  groups  when  compared  to  the  normal  mice  with  no  tumor.  Although  no  significant 
differences  were  found  in  blood  leukocyte  counts.  Figure  2  shows  that  the  white  blood  cells  from 
animals  treated  with  pGLl-TNF-a  together  with  radiation  had  increased  3H-TdR  incorporation  into 
cellDNA  compared  to  the  normal  controls,  non-treated  tumor-bearing  mice,  and  those  treated  only 
with  Co.  The  mean  value  for  the  group  treated  with  pWS4  +  “Co  was  higher  only  than  that  for 
the  normal  control  group. 

Tumor  progression  in  experiment  2 

Figure  3  shows  C6  tumor  growth  with  time  after  treatment  with  pGLl-TNF-a  when  used  in 
combination  with  either  “Co  y-rays  or  protons.  The  groups  receiving  pGLl-TNF-a  together  with 
either  form  of  radiation  had  significantly  smaller  tumor  volumes  compared  to  the  non-treated  tumor 
control  and  pGLl-TNF-a  treated  groups  on  days  11-16  after  tumor  cell  implantation.  Significantly 
smaller  tumors  were  also  observed  on  day  9  in  the  pGLl-TNF-ct  +  proton  group  when  compared  to 
the  non-treated  tumor  group  and  the  groups  treated  with  “Co  or  pGLl-TNF-a;  at  this  same  time 
the  pGLl-TNF-a  +  “Co  group  had  significantly  smaller  tumors  than  did  mice  treated  with  pGLl- 
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TNF-a.  No  statistically  significant  differences  in  mean  tumor  size  were  obtained  when  comparing 
the  y-ray-  and  proton-in-adiated  groups  with  their  respective  counterparts  receiving  combination 
therapy.  However,  when  the  two  irradiated  groups  were  pooled  into  one  group  and  the  two 
combination  groups  were  pooled  into  one  group,  pGLl-TNF-a  +  radiation  therapy  resulted  in 
significantly  smaller  tumors  than  did  radiation  alone  on  days  11-16. 

Body  and  spleen  mass  and  analyses  of  spleen  and  blood  from  mice  in  experiment  2 

,  ,Tabfe  11  sbows  tbat  bc?dy  ^  sPleen  weights  were  similar  among  all  groups,  although  non- 
eated  tmnor^aringmice  had  the  largest  spleens.  In  tumor-bearing  animals,  the  mean  SI  values  in 
stimulation  of  splenocytes  were  20%  (non-treated  tumor-bearing  controls)  to  50% 
pbLl-lNF-a  +  protons)  lower  compared  to  normal  mice,  but  statistical  support  was  lacking  due 
to  the  relatively  large  variation  within  groups  (Table  II).  Blood  leukocyte  counts  in  tumor-bearing 
arumals  ranged  from  100%  (“Co)  to  170%  (pGLl-TNF-a)  of  the  meanobtained  for  mice  without 
tumor  Uable  II);  groups  with  non-treated  tumors  and  tumors  treated  with  pGLl-TNF-a  had 
elevated  counts  compared  to  no-tumor  and  ^Co-treated  groups 

Figure  4  presents  file  mean  dpm  values  for  spontaneous  blastogenesis  of  blood  leukocytes 
when  adjusted  to  106  cells/ ml.  Although  no  statistically  significant  differences  were  found  among 
groups,  the  mice  receiving  pGLl-TNF-a  +  proton  radiation  exhibited  the  highest  mean  value. 

Figures  5  and^  6  show  B  and  NK  cell  data  obtained  by  flow  cytometry  analyses  of  blood  and 

°f  B  ^nphocytes  were  significantly  elevated  in  the  blood  from 
the  group  treated  with  pGLl -TNF-a  compared  to  mice  with  no  tumor  and  those  treated  with  “Co 
protons,  and  pGLl-TNF-a  +  Co.  This  group  also  had  the  highest  B  cell  percentage.  In  the  spleen," 

^II  tr^^berSm  ^e6o™n;?eated  tumor-bearing  controls  were  significantly  depressed  compared  to 
all  treated  groups;  Co-treated  mice  had  lower  counts  in  relation  to  the  pGLl-TNF-a-treated 

Cdl  C2"nts!  ^  Pe^tages  in  spleens  from  mice  in  all  tumor-bearing  groups  were 
significantly  lower  than  m  the  control  group  with  no  tumor;  significantly  lower  percentages  were 

treatechwith“Co  pGLI  TNF^  and  PGLl-TNF-a  +  proton  groups  whL  compLd  to  L  ^ 

i  CD3.+.'  CD4+1  and  GD®+  T  lymphocytes  were  detected  at  very  low  levels  in  both  blood  and 
/I*?  significant  differences  m  these  cells  were  observed  in  the  blood  among  the  various 
groups  (data  not  shown).  However,  as  shown  in  Table  HI,  spleens  from  mice  treated  with  pGLl- 
lNF-ct  +  protons  had  significantly  increased  CD3+  T  cell  numbers  compared  to  non-treated  tumor- 

^Percentages  were  3180  observed  in  the  groups  receiving  protons 
alone  Mid  pGLl-TNF-a  +  Co  with  respect  to  controls  with  no  tumor;  me  relatively  high  T  cell 
fJS2!??Lm/S^  ^Ll-lNF-a*  proton  group  approached  statistical  significance  (p<0.1).  Mice 

together  Wlth  either  form  of  radiation  had  a  4.5-  to  4.8-fold  increase  in 
the  CD4:CX>8  ratio  when  compared  to  mice  with  no  tumor;  a  3.0-  to  3.2-  increase  in  the  ratio  was 
observed  in  relation  to  the  non-treated  tumor-bearing  animals. 


DISCUSSION 

A  number  of  investigators  have  reported  that  TNF-a  enhances  radiation  effects  against 
tumors.  Early  in  vitro  studies  with  human  tumor  cell  lines  demonstrated  that  combined  treatment 
could  induce  synergistic  or  additive  cell  killing  (Hallahan  et  al.,  1990).  Sersa  et  al.  (1988)  found  that 
lNh-a  protein,  when  given  systemically  together  with  radiation,  resulted  in  a  more  than  additive 
increase  in  me  radioresponse  of  two  murine  tumors,  as  well  as  reduced  radiation  damage  to  bone 
marrow  progenitor  cells.  A  phase  I  clinical  trial  by  Hallahan  and  colleagues  (1995)  showed  that  in 
some  patients,  locally  advanced  tumors  can  be  controlled  by  lower  than  expected  doses  of 
radiation  when  combined  with  intravenusly  (i.v.)  administered  TNF-a.  However,  major  toxidties 
subjects1^  mdependent  of  tbe  cytokine  dose  required  termination  of  the  regimen  in  a  number  of 

Previous  studies  conducted  in  our  laboratory  have  demonstrated  that  low,  non-toxic  doses  of 
l.v.-admmistered  TNF-a  protein  enhanced  radiation  effects  against  human  colon  and  lung 
adenocarcinoma  xenografts  in  nude  mice  (Gridley  et  al.,  1994a,  1997a).  These  tumor  cells  were 


7 


Subagreement  No.  15-FY98-LLU-GRIDLEY 


shown  to  be  directly  susceptible  to  the  effects  of  the  cytokine  and  represent  relatively  radiosensitive 
tumor  types.  In  subsequent  studies,  we  found  that  TNF-a  protein  in  combination  with  radiation 
also  significantly  slowed  the  progression  of  C6  glioma  in  athymic  mice,  in  spite  of  the  findings  that 
the  cells  in  culture  were  not  sensitive  to  TNF-a  at  doses  ranging  from  5  to  500  units/ ml  and  the 
cytokine  did  not  enhance  tumor  cell  susceptibility  to  radiation  in  vitro  (Gridley  et  aL,  1997c). 
Relatively  low  doses  of  TNF-a  protein  were  administered  i.v.  in  these  studies  in  order  to  avoid 
systemic  toxicity.  Although  promising  results  were  obtained  when  treatments  were  initiated  very 
early  after  tumor  cell  implantation,  regression  of  large,  established  tumors  was  not  observed  and 
there  were  no  cures.  Increasing  the  dose  of  the  cytokine  was  an  option,  but  that  would  also  increase 
the  possibility  of  side  effects.  TNF-a  toxicity  was  of  paramount  concern,  since  the  maximum 
tolerated  dose  in  humans  is  approximately  40-fold  less  compared  to  the  mouse  on  a  weight-by- 
weight  basis  (Rosenberg  1991).  The  potential  of  using  the  cytokine  as  an  adjunctive  therapy  has 
been  recognized,  as  evidenced  by  efforts  to  develop  virus-based  and  other  vectors  for  the  TNF-a 
gene  (Blankenstein  et  al.  1991;  Mauceri  et  al.,  1996;  Seungef  al,  1995;  Vanhoesebroeckef  al,  1991). 

These  and  other  observations,  prompted  us  to  construct  a  plasmid-mediated  delivery  system 
for  TNF-a.  Results  from  in  vitro  assays  and  a  pilot  evaluation  of  pGLl-TNF-a  in  combination 
with  y-radiation  in  the  C6  glioma-athymic  mouse  model  were  promising  (Li  et  al.,  1999).  The  major 
aim  of  the  present  study  was  to  further  explore  the  effects  of  this  combination  regimen  in  vivo.  The 
results  demonstrate  that  intratumoral  injection  of  pGLl-TNF-a  enhanced  the  anti-tumor  tumor 
effects  of  radiation  against  C6  glioma,  a  tumor  type  that  is  considered  to  be  among  the  most 
radioresistant  and  is  virtually  impossible  to  cure.  Treatments  were  initiated  after  the  tumors  were 
well  established.  Indeed,  the  8-9  day  time  period  between  tumor  cell  implantation  and  beginning  of 
treatment  is  relatively  long  considering  the  aggressive  nature  of  C6  glioma.  However,  the  presence 
of  a  readily  detectable  tumor  mass  ensured  the  accuracy  of  plasmid  injection. 

The  slowest  tumor  growth  was  noted  after  pGLl-TNF-a  and  proton  radiation  treatment;  by 
“fy  16,after  ceI1  implantation,  mean  tumor  volume  in  this  group  was  21-23%  smaller  on  days 
11-16  than  in  the  combination  group  that  received  y-radiation  (Fig.  3).  In  the  two  groups  reeeivim 
only  radiation,  proton-irradiated  tumors  were  15-33%  smaller  (days  11-16)  compared  to  y-rays. 
The  observation  that  proton-irradiated  tumors  grew  more  slowly  than  those  treated  with  y-rays 
(photons)  is  not  entirely  surprising,  since  it  is  generally  assumed  in  radiation  oncology  that  protons 
have  a  greater  biological  effect  in  relation  to  y-rays  (i.e.  a  relative  biological  effectiveness  or  RBE  of 
1.1)  (Gerwickand  Kozin  1999).  However,  very  few  studies  have  directly  compared  the  efficacy  of 
SSc°n  Y-radiation  against  in  vivo  growing  tumors  under  controlled  conditions.  A  wide  range  of 
RBE  values  for  proton  radiation  can  be  found  in  the  literature,  based  primarily  on  non-tumorigenic 
cell  lines  cultured  in  vitro  and  colony  survival  assays.  The  greater  biological  effectivness  of  protons, 
as  compared  to  photons,  is  thought  to  be  due  to  differences  in  the  intrinsic  properties  of  these  two 
forms  of  radiation  (Paganetti  et  al.,  1997).  This  property  and  the  ability  to  focus  protons  more 
precisely  to  a  target  volume  (thus  sparing  normal  tissues)  give  proton  radiotherapy  an  advantage 
over  conventional  radiotherapy.  Clinical  use  of  proton  beams  is  rapidly  increasing  world-wide  for 
cancer,  as  well  as  other  pathological  conditions,  and  very  encouraging  results  have  been  reported 
(Levin  1991;  Yonemoto  etal.,  19%,  1997;  Slater  etal.,  1998;  Hug  et  al.,  1999;  Moyers  et  al.,  1999). 

Our  data  also  show  that  there  was  very  little  difference  in  mouse  body  weight  among  the 
various  groups.  This  indicates  that  normal  eating  habits  and  activity  were  maintained  during 
treatment.  Results  from  assays  of  blood  and  spleen  did  not  show  deficiencies  that  were  associated 
with  combination  treatment  A  slight  but  generally  non-significant,  tendency  for  splenomegaly, 
depressed  response  of  splenocytes  to  mitogenic  stimulation,  and  low  NK  cell  numbers  and 
percentages  in  the  spleen  were  observed  in  all  tumor-bearing  groups  compared  to  the  control  mice 
with  no  tumor.  In  contrast,  the  significantly  elevated  basal  proliferation  of  leukocytes  (Fig.  2)  and 
highB  lymphocyte  counts  in  the  blood  (Fig.  5)  from  mice  treated  with  pGLl-TNF-a  (+/-  radiation) 
suggest  that  some  degree  of  systemic  activation  may  have  occurred  as  a  result  of  treatment. 
Whether  or  not  the  observed  changes  are  involved  in  the  anti-tumor  effect  of  the  combination 
therapy  requires  further  study.  TNF-a  is  well  known  for  induction  of  tumor  necrosis  through  its 
selective  action  on  tumor  vasculature.  However,  our  previous  studies  using  TNF-a  protein  and  y- 
radiation  in  the  C6  model  did  not  reveal  an  increase  in  thrombotic  blood  vessels  above  what  was 
observed  with  either  modality  alone  (Gridley  et  al.,  1997c).  Preliminary  evaluation  of  stained  tumor 
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sections  following  pGLl-TNF-a/ radiation  treatments  (data  not  shown)  appear  to  confirm  these 

and1  StutmarT  1 995^  f  J  P°tent  Pr^am™tory  propertiesP(Hemandez-Casseles 

btutman,  1995).  Several  studies  have  correlated  tumor-inhibitory  effects  with  TNF-a-induced 

199irNfeu^,dS'.h1998)’f  SPKifiC  “,d  non'spedfic  populations  (Blankenstein  et  at.. 

It  was  demonstrated  many  years  ago  that  the  athymic  mouse  is  not  entirely  devoid  of  the  T  cell 
meage  (Raff,  et  al.,1973;  Holub,1989).  Furthermore,  it  has  been  observed  that  post-thymic  T  cells 

^°^r  !^Vio^f'rnneWa1'  e^Pfnsiorl'  ^  functional  activity  in  the  absence  of  the  thymus 
',trn' 7 ;  ’  -ecause  of  these  observations,  we  chose  to  evaluate  these  cells  in  the  present 
atuay.  .  umcugn  me  overall  numbers  were  very  low,  a  significant  increase  was  found  in  the  CD3+  T 
Xk  l°U  j1?  uime  sPleens  from  mice  in  some  of  the  treated  groups  (Table  ffl).  The  highest  level  was 
SrouP  tinted  with  pGLl-TNF-«  and  proton  radiation  (3.3-fold  higher  compared  to 
Ae  non-treated  group  with  tumor).  These  mice,  as  well  as  the  pGLl-TNF-a  +  “Co-treated  group 

““  ra“OS'  H°WeVer'  Signlfican“  of  *ese  «  any! 

„  f^e  results  support  the  premise  that  low,  non-toxic  doses  of  pGLl-TNF-a  in 

radJah°n  18  3  Premising  therapeutic  strategy  and  that  the  utilization  of  proton 
3ft*2  7  Provide  mCTeased  tumor  control  compared  to  y-rays  at  the  same  physical  dose 

interaction^betw^i^TTOTF  faSSUCS'  5^*“  areJcurrently  on-going  to  elucidate  the  possible 

the  afflcacy  of 
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TABLE  I 

Body  and  Spleen  Mass  and  Blood  Leukocyte  Counts  in  Mice  from  Experiment  1 


Leukocytes 

Groups - - - Body  mass  (g) _ Spleen  mass  (g) _ (x  106/mll 


Mnhir^r  24.1  +/- 0.1a 

Tumor 

Non-treated  26.8  +/-  0.2b 

“Cobalt  27.2  +/-  0.8C 

pWS4  +  “Co  24.3  +/-  0.4 

pGLl-TNF-a  +  “Co  26.0  +  /  -0.4 

“Mean  +/-  SE  of  4  mice/group. 
bp<0.05  vs.  no  tumor  and  pWS4  +  “Co. 
jxO.Ol  vs.  no  tumor  and  pWS4  +  “Co. 
p<0.05  vs.  no  tumor. 


0.118 

+/- 

0.021 

4.91 

+/- 

0.89 

0.199 

+/- 

0.011d 

7.01 

+/- 

1.00 

0.208 

+/- 

0.01 6d 

5.56 

+/- 

0.73 

0.153 

+/- 

0.010 

4.25 

+/- 

0.80 

0.170 

+/- 

0.011 

4.06 

+/- 

0.31 

TABLE  II 

Body  and  Spleen  Mass  and  Spleen  and  Blood  Variables  in  Mice  from  Experiment  2 


Groups 

Body  mass 

Mass 

(e) 

Spleen 

(g) 

SI  with 

LPSa 

Blood 
leukocytes 
(x  lOVmn 

No  tumor 

Tumor 

24.2+ /-0.6b 

0.131+/ -0.009 

568+/ -78 

5.30+/-0.19 

Non-treated 

26.2+/ -0.5 

0.188+/ -0.028 

457+/ -86 

8.90+/ -0.53' 

“Cobalt 

25.9+/ -0.9 

0.133+/ -0.008 

307+/ -26 

5.30+/ -1.03 

Protons 

26.0+/ -0.5 

0.147+/ -0.006 

324+/ -82 

6.50+/ -0.54 

pGLl-TNF-a 

26.6+/-1.3 

0.171+/ -0.007 

327+/ -78 

9.00+/ -0.71' 

pGLl-TNF-a  +  “Co 

23.6+/-0.8 

0.148+/ -0.009 

333+/-61 

6.40+/ -0.55 

pGLl-TNF-a  +  protons 

_ 1  _  L? •  t  •  //-it\  /•- 

23.9+/ -1.0 

0.155+/ -0.014 

286+/ -62 

7.30+/ -0.98 

‘‘Stimulation  indices  (SI)  after  lipopolysaccharide  (LPS)  stimulation. 
*Mean  +/-  SE  (n  =  4-7/group). 
cp<0.05  vs.  no  tumor  and  “Co. 
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TABLE  III 


T  Lymphocytes  in  Spleens  from  Mice  in  Experiment  2 


T  cells  Th  cells  Tc  cells  CD4:CD8 

glouPs _ (CD3+) _ (CD4+) _ (CD8+) _ ratio 


Notumor  9.70  +/-  1.41a  2.37  +/-  0.85  3.02 +/- 0.50  0.78 

(2.2  +/-  0.3)b  (0.6  +/-  0.2)  (0.7  +/-  0.1) 

Tumor 

Non-treated  7.20  +/-  3.26  0.92  +/-  0.17  0.78  +/-  0.49  1.18 

(2.9  +/-  0.1)  (0.5  +/-  0.1)  (0.4  +/-  0.2) 

“Cobalt  9.65  +/-  3.10  1.00  +/-  0.46  2.55  +/-  0.94  0.39 

(3.7+/- 0.3)  (0.4+/- 0.1)  (0.9+/- 0.2) 

Protons  18.86  +/-  4.49  5.66  +/-  1.89  2.84  +/-  0.52  1.99 

(4.4  +/-  0.4)c  (1.3  +/-  0.3)  (0.7  +/-  0.1) 

pGLl-TNF-a  18.83  +/-  3.50  2.68  +/-  0.79  2.20  +/-  0.70  1.22 

(3.1  +/-  0.6)  (  0.5  +/-  0.2)  (0.4  +/-  0.1) 

pGLl-TNF-a  +  “Co  16.99  +/-  2.67  2.66  +/-  0.98  0.71  +/-  0.16  3.75 

(4.0  +/-  0.3)c  (0.6  +/-  0.2)  (0.2  +/-  0.03) 

pGLl-TNF-a  +  protons  24.03  +/-  4.90  5.88  +/-  1.72  1.68  +/-  0.54  3.50 

(3.8  +/-  0.6)  (1.70  +/-  0.3)  (0.2  +/-  0.1) 

“Mean  +/-  SE  of  total  mononuclear  cell  population. 

^Numbers  in  parentheses  denote  mean  percentage  +/-  SE  of  all  mononuclear  cells. 

“pcO.05  vs.  non-treated  tumor. 

p<0.05  vs.  no  tumor 
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Figure  1  -  Tumor  growth  with  time  after  C6  tumor  cell  injection  in  mice  from  experiment  1.  Each 
point  represents  the  mean  +/-  SE  (n  =  4/ group).  Vertical  arrows  indicate  times  of  intratumoral 
injection  of  pGLl-TNF-a  or  pWS4  (both  at  50  jig /injection)  and  tumor  irradiation  (2  Gy/ fraction) 
in  the  appropriate  groups,  a:  p<0.05  vs  non-treated  tumor;  b:  p  =  0.072  vs.  “Co.  ANOVA  on 
days  12  and  14,  p<0.05.  ANOVA  on  day  16:  p  =  <0.001. 
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Figure  2  -  Spontaneous  blastogenesis  of  blood  leukocytes  from  mice  in  experiment  1  at  the  time  of 
euthanasia.  Each  bar  represents  the  mean  +/-  SE  (n  =  4/ group),  a:  p<0.05  vs.  no  tumor;  b: 
p<0.05  vs.  no  tumor,  non-treated  tumor,  and  “Co. 


pGLI-TNF 
+  60-Co 


Tumor  Volume  (mm3  x  103) 
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Figure  3  -  Tumor  growth  with  time  after  C6  tumor  cell  injection  in  mice  from  experiment  2  Each 

insertion13 wXtenrTei  TMP  +/'^E  (4/'7/grouP)-  Vertical  indicate  time/of  intratumoral 

pGL1'™F'a  50  Hg/ injection)  and  tumor  irradiation  (2  Gy/ fraction)  in  the 

? tmr  U'  +  Proton  versus  “Co,  pGLl-TNF-a  and  non-treated 

tumor  (p<0.05),  pGLl-TNF-a  +  “Co  versus  pGLl-TNF-a  (p<0.01).  b:  day  13,  pGLl-TNF-a  + 
proton  versus  pGLl-TNF-a  and  non-treated  tumor  (p<0.01);  pGLl-TNF-a  +  “Co  versus  pGLl- 
non'^eated  tumor  (p<0.01).  c:  day  16,  pGLl-TNF-a  +  proton  versus  “Co,  pGLl- 

S^frol  (n<nn  ‘^Sif0r (5<0-°51)'  PGL1-™*-«  +  Co  versus  pGLl-TNF-a  and  non-teated 
tnrr^nifci?1  '  ANOVA  °n  days  U>  13  and  16:  p<0.001.  When  pGLl-TNF-a  +  radiation 

(proton/  Co)  were  compared  to  radiation  (proton/  Co),  p  =  0.043. 
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4  f  ?uand  ^  Cf 11  ”^bers  percentages  in  blood  from  mice  from  experiment  2.  Each  bar 

TMF-a  +^rvf  hGan  nn'cSE  (°  =  4-7/groug)-  a:  P<005  vs.  no  tumor,  “Co/protons  and  pGLl- 
l  rsjb-a  +  Co.  b:  p<0.05  versus  no  tumor,  “Co,  proton  and  pGLl-TNF-a  +  “Co 
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Figure  5  -  B  and  NK  cell  numbers  and  percentages  in  spleens  from  mice  from  experiment  2.  Each 
bar  represents  the  mean  +/-  SE  (4-7/ group),  a:  p<0.05  versus  pGLl-TNF-ot  +  proton;  b:  p<0.05 
versus  pGLl-TNF-a;  c:  p<0.05  versus  no  tumor;  d:  p<0.05  versus  all  tumor-bearing  groups;  e: 
p<0.05  versus  ^Co.  6&  K 
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Presented  at  8th  International  Conference  on  Gene  Therapy  of  Cancer 
December  9-11, 1999,  San  Diego,  CA 

pGLl-TNF-a  Gene  Therapy  and  Radiation  in  a  Malignant  Brain  Tumor  Model.  J.  Li,  M.L. 
Andres,  E.H.  Kajioka,  T.  Timiryasova,  I.  Fodor,  J.M.  Slater  and  D.S.  Gridley.  Departments  of 
Radiation  Medicine  and  Microbiology  &  Molecular  Genetics.  Loma  Linda  University  and  Medical 
Center,  Loma  Linda,  CA  92354. 

High-grade  brain  tumors  are  among  the  most  difficult  types  of  cancers  to  control  with  current 
therapeutic  regimens.  The  major  goal  of  this  study  was  to  determine  if  a  unique  plasmid-human 
tumor  necrosis  factor-a  gene  construct  (pGLl-TNF-a)  could  augment  the  antitumor  effects  of 
radiation  in  the  C6  glioma/  athymic  mouse  model.  In  addition,  possible  mechanisms  of  pGLl-TNF- 
a  action  were  investigated.  C6  glioma  cells  (5  x  105)  were  subcutaneously  implanted  into  the  right 
hind  leg  of  mice.  When  tumors  became  palpable,  pGLl-TNF-a  was  administered  intratumorally  3 
times  over  a  9-day  period  at  three  different  doses  (15  pg,  150  pg,  or  450  pg),  18  hr  before  radiation 
(  Co,  2  Gy  x  3  fractions).  A  modest  decrease  in  tumor  volume  was  observed  with  radiation, 
whereas  no  effect  was  seen  with  pGLl-TNF-a,  when  each  modality  was  used  alone.  Combination 
treatment  however,  resulted  in  significantly  (p<0.05)  slower  tumor  progression.  The  smallest  mean 
tumor  volumes  were  obtained  with  the  15  pg  and  150  fig  of  pGLl-TNF-a  +  radiation.  Additional 
groups  of  mice  with  established  C6  tumors  were  treated  with  the  same  3  doses  of  pGLl-TNF-a 
each  dose  givenin  one  injection)  and  euthanized  at  18,  72,  and  168  hr  thereafter.  TNF-a  expression 
in  tumors  and  plasma  was  determined  and  leukocyte  populations  were  analyzed  for  spontaneous 
blastogenesis  (  H-TdR  incorporation)  and  by  flow  cytometry  using  fluorescence-labelled  monoclonal 
antibodies.  TNF-a  protein  was  detected  in  tumors  at  all  3  times  points,  with  highest  levels  seen  at 
18  hr  post-injection  (404  -  765  pg/g  tumor  after  15  -  450  pgpGLl-TNF-a);  no  TNF-a  was  found  in 
plasma.  The  greatest  immunomodulatory  effects  of  pGLl-TNF-a  treatment  were  observed  at  18  hr 
and  included  increased  blastogenesis  of  leukocytes  and  high  levels  of  natural  killer  (NK)  cells  and 
monocytes/ granulocytes.  At  this  same  time,  low  levels  of  B  lymphocytes  were  noted.  These  data 
indicate  that  low-dose  pGLl-TNF-a  in  combination  with  radiation  may  be  useful  in  the  treatment 
of  malignant  brain  tumors  and  suggest  that  the  mechanisms  of  pGLl-TNF-a  action  include  the 
upregulation  of  nonspecific  effector  cells. 

[The  view,  opinion,  and/ or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should 
not  be  construed  as  a  position,  policy,  decision  or  endorsement  of  the  federal  government  or  the 
National  Medical  Technology  Testbed,  Inc.] 


Materials  &  methods  and  results  presented  at  conference,  but  not  described  in  the  submitted 
manuscript: 

Tumor  processing  for  TNF-a  quantification.  Tumor  were  excised  and  weighed  immediately  after 
euthanasia.  PBS  was  added  at  a  volume  equal  to  tumor  mass,  (wfcvol)  and  the  tumor  was  cut  into 
small  pieces  with  sharp  scalpels  and  scissors.  The  pieces  were  rapidly  expelled  through  a  1  ml 
syringe  with  a  small  gauge  needle  several  times  and  centrifuged  at  ~13,000  rpm  for  5  min.  The 
supernatant  was  removed,  volume  was  measured,  and  the  samples  were  frozen  (-65°C)  until  testing 
for  TNF-a  by  ELISA. 

Quantification  of  TNF-a  protein  in  tumors.  Tumor  supernatants  were  thawed  and  human  TNF-a 
protein  was  quantified  by  high-sensitivity  ELISA  using  a  commercially  available  kit  (Quantikine™, 
R  &  D  Systems,  Minneapolis,  MN).  The  procedure  was  performed  according  to  the  manufacturer's 
instructions.  The  amount  of  TNF-a  was  expressed  using  the  formula  below: 

pg  of  TNF-a  /  mg  of  tumor  =  (pg  /mix  total  volume  of  supernatant  in  ml)  /  tumor  mass  in  mg. 
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Table  IV.  Level  of  TNF-a  protein  in  C6  tumor  and  plasma  with  time  after  intratumoral  injection  of 


p^jLi-iiNr~a 

Amount  of 
pGLl-TNF-a* 

pe/  e  tumor 

pe/  ml  plasma 

16  hr 

72  hr 

168  hr 

16  hr 

72  hr 

168  hr 

0  Mg 

0  +/-  0b 

0+/-0 

0+/-0 

0+/-0 

0+/  -0 

0+/-0 

15  pg 

404  +/-  60 

135  +/-  68 

7+1-5 

0+/-0 

0+/-  0 

0+/-0 

150  ng 

■m  +/- 182 

301  +/-  59 

60  +/-  32 

0+/-0 

0+/-0 

0+/-0 

/  oc  t  j  -  201 

294  +/-  55 

146  +/- 51 

0  +/-  0 

0+/-0 

0  +/-0 

aSingie  intratumoral  injection  of  pGLl-TNF-a,  7  days  after  s.c.  implantation  of  5  x  10s  C6  cells; 
mean  tumor  volume  at  this  time  was  approximately  300  mm3.  ‘Mean  +/-  SEM.  Sensitivity  of  the 
assay:  0.18  pg/ml. 


Results  in  Table  IV  above  show  that  the  TNF-a  protein  is  expressed  at  relatively  high  levels  within 
C6  tumors,  even  after  injection  of  the  lowest  pGLl-TNF-a  dose  (15  |xg).  The  highest  levels  were 
observed  at  16  hr  after  treatment  TNF-a  protein  was  not  detected  in  plasma. 

Additional  results  from  this  presentation  are  to  be  included  in  a  manuscript  that  is  currently  in  preparation. 


CONCLUSIONS 

The  data  obtained  so  far  support  the  primary  hypothesis  that  combined  radiation  and  pGLl- 
TNF-a  gene  therapy  produces  a  synergistic  inhibition  of  C6  glioma  progression.  A  smaller  than 
expected  dose  of  pGLl-TNF-a  was  needed  in  order  to  achieve  significant  enhancement  of  radiation 
effects.  The  combination  regimen  was  effective  against  well-established  s.c.  tumor.  The  combination 
of  pGLl-TNF-a  plus  proton  radiation  may  be  somewhat  more  effective  than  pGLl-TNF-a  plus 
“Co  Y-radiation. 

Data  that  impact  the  secondary  hypothesis  (i.e.  the  mechanism  of  action  includes  interaction  of 
TNF-a  protein  expressed  by  plasmid  pGLl-TNF-a  and  tumor-localized  radiation,  resulting  in  file 
upregulation  of  systemic  antitumor  immune  responses)  has  also  been  obtained.  Results  of  assays 
that  were  performed  several  days  after  the  end  of  the  last  treatment  indicate  that  presence  of  tumor 
and  localized  tumor  irradiation  have  a  significant  impact  on  systemic  immune  system  parameters. 
Data  obtained  at  early  time  points  after  injection  of  pGLl-TNF-a  (without  radiation  and  when 
tumor  volumes  in  all  mice  were  similar)  have  been  obtained.  Statistical  analyses,  although  still  in 
progress,  suggest  increased  leukocyte  activity  early  after  intratumoral  injection  of  pGLl-TNF-a. 

Little  or  no  weight  loss  occurred,  indicating  that  normal  feed  consumption  and  activity  were 
maintained,  even  in  mice  receiving  multiple  pGLl-TNF-a  injections  together  with  fractionated 
tumor  irradiation.  No  prohibitive  treatment-related  toxicides  were  noted.  Taken  together,  the  data 
are  very  promising  and  support  our  goal  in  the  development  of  a  safer  and  more  effective  treatment 
for  cancer,  especially  highly  malignant  cancers  (such  as  those  of  the  brain). 

In  the  continuation  of  this  project  (FY-99)  we  will  determine  the  effects  of  pGLl-TNF- 
a/ proton  radiation  treatment  in  rats  with  intracranial  C6  tumor.  This  should  demonstrate  that 
that  the  combination  therapy  approach  is  effective  and  safe  for  animals  with  intracranial  (and  not 
only  animals  with  s.c.)  tumors.  We  also  plan  to  include  normal,  euthymic  C57BL/ 6  mice  (not 
athymic)  injected  s.c.  in  the  right  hind  limb  with  Lewis  Lung  carcinoma  cells  that  were  originally 
derived  from  the  C57BL/6  mouse.  Based  on  our  previous  results,  we  hypothesize  that  the 
antitumor  effects  of  pGLl-TNF-a /radiation  treatments  may  be  even  greater  in  a  normal  mouse- 
syngeneic  tumor  model  (one  that  more  closely  resembles  the  cancer  patient  population)  than  in  the 
athymic  mouse-xenograft  model.  Furthermore,  we  will  combine  proton  radiotherapy  with  gene 
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noting  the  advanced  technology  that  will  be  developed  or  tested  .  Use  succinct  language  to  describe  how 
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This  application  proposes  three  sets  of  related  experiments  that  will  determine  the  role  that  growth 
factors  have  in  the  ability  to  transform  undifferentiated  stem  cells  (cells  that  have  the  ability  to 
become  one  of  several  types  of  cells  found  in  adult  animals)  into  ganglion  cells  of  the  adult  retina. 
The  first  two  sets  of  specific  aims  will  determine  the  ability  of  fibroblast  growth  factors  8  and  15 
(FGF-8,  FGF-8)  to  transform  stem  cells  into  retinal  ganglion  cells  using  tissue  culture  techniques. 
Additionally,  these  experiments  will  determine  the  time  and  location  in  the  developing  retina  of  the 
expression  of  the  mRNA  of  these  two  growth  factors,  thereby  correlating  the  effect  in  culture 
conditions  with  the  timing  and  location  of  their  expression  in  the  developing  retina.  These  two 
specific  aims  will  also  determine  the  factors  that  inhibit,  or  turn  off,  the  developmental  actions  of 
FGF-8  and  FGF-15.  This  is  important  for  understanding  the  mechanisms  that  stop  stem  cell 
differentiation  during  normal  development,  but  can  also  be  used  for  the  third  and  final  specific  that 
will  determine  the  ability  of  transplanted  stem  cells,  exposed  to  FGF  growth  factors,  to  replace  cells 
in  blind  adult  animals.  The  third  specific  aim  will  use  stem  cells  that  have  been  exposed  to  FGF 
growth  factors.  These  cells  wall  be  injected  into  the  retina  of  blind  adult  rodents  in  an  attempt  to 
establish  a  new  population  of  retinal  ganglion  cells.  The  retina  is  an  immune  privileged  area  and 
therefore  is  minimally  susceptible  to  rejection.  Examination  will  be  made  of  the  number,  location, 
morphology  and  function  of  the  transplanted  cells  in  the  host  animal. 

Although  technically  challenging,  these  experiments  hold  the  promise  for  extending  our  current 
understanding  of  the  genetic  role  of  growth  factors  in  determining  cell  fate  during  development,  and 
perhaps  more  importantly,  the  ability  of  stem  cells  to  grow  and  replace  damaged  cells  in  the  adult. 


PROJECT  SITE(S)  (organization,  city,  state): 


All  tissue  culture  and  tansplant  experiments  will  be  performed  in 
room  A534  of  the  Loma  Linda  University  Medical  Center,  Loma  Linda, 

CA.  Physiological  examination  of  transplanted  animals  will  be  performed 
in  the  basement  of  the  Anatomy  building  (Shyrock  Hall)  on  the  Loma 
Linda  University  Campus,  Loma  Linda,  CA. 
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the  project  goals  will  be  achieved.  Do  not  exceed  the  space  provided. 


This  project  addresses  the  process  by  which  a  conceptual  model  is  entered  into  a  computer  program  to  build  a 
computer  simulation.  A  pilot  version  of  a  multi-domain  model  entry  system  will  be  designed,  built,  and  tested. 
The  model  entry  system  has  three  parts:  a  database  to  store  hierarchical  model  descriptions  in  the  form  of 
mathematical  equations;  front-end  programs  to  convert  various  types  of  domain  descriptions  into  equations; 
and  back-end  programs  to  convert  the  equations  into  computer  code  for  simulation  computations.  The  equatior 
database  serves  as  common  storage  for  model  descriptions  from  a  variety  of  domains  and  this  method  of 
storage  permits  us  to  take  advantage  of  highly-developed  database  software  technology.  The  new  model  entry 
software  will  become  a  part  of  the  SCoP  simulation  package,  a  rapid  application  development  system  for 
building  computer  simulation  programs.  The  hypothesis  is  that  multi-domain  entry  will  advance  computer 
simulation  because  users  will  be  able  to  describe  models  in  the  domain  language  most  familiar:  chemical 
reaction,  compartmental  model,  electrical  circuit  diagram,  etc.  Experienced  simulators  will  be  able  to  produce 
programs  more  rapidly  and  accurately  and  novices  will  find  it  easier  to  learn  to  use  computer  simulations.  We 
will  test  our  hypothesis  by  giving  the  pilot  version  of  the  program  to  both  novice  and  experienced  simulators 
and  recording  their  reactions  and  results.  Computer  simulation  is  now  widely  recognized  as  an  important  tool 
for  understanding  and  learning  about  complex  biological  systems.  This  project  will  thus  advance  health  care 
because  it  has  the  potential  to  contribute  to  understanding  at  all  levels  of  biomedicine  from  biochemistry  to 
epidemiology. 
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DESCRIPTION:  State  the  goal  of  the  research  project  including  how  it  relates  to  improving 

health  care  for  the  nation’s  people.  Use  succinct  language  to  describe  how  the  project  goals  will 
be  achieved.  Do  Not  exceed  the  space  provided  on  this  page. 


Our  goal  is  to  construct  a  novel  vaccine  production  and  delivery  system  employing  transgenic 
food  plants  to  protect  our  military  personnel  and  indigenous  civilians  from  epidemic  cholera, 
enterotoxigenic  E.  coli  (ETEC)  and  rotavirus  encountered  during  natural  disaster  or  political  unrest. 
This  goal  will  be  realized  by  the  transformation  of  potato  and  tomato  plant  cells  with  plant  expression 
vectors  containing  DNA  encoding  a  combination  of  enteric  bacterial  and  viral  pathogen  antigens: 
cholera  enterotoxin  B  and  A2  subunits  (CTB,CTA2),  ETEC  colonization  factor  CFA/I,  rotavirus 
NSP4  enterotoxin  24  amino  acid  epitope  and  capsid  proteins  VP2  and  VP6.  The  antigen  levels 
produced  in  potato  tubers  from  the  transgenic  plants  will  be  measured  by  immunoblot  and  ELISA  and 
antigen  production  will  be  optimized,  if  necessary.  Antigen  containing  potato  tissues  will  then  be  fed 
to  mice  to  achieve  mucosal  immunization  in  the  intestinal  tract.  Serum  (IgG)  and  intestinal  (IgA) 
antibody  levels  for  each  antigen  will  be  determined  in  the  immunized  animals.  Antibody  memory  cell 
numbers  will  be  measured  from  the  digestive  tracts  of  immunized  animals  by  ELISPOT  assay  to 
determine  the  duration  of  immunologic  memory  after  plant-based  vaccine  immunization.  Lastly,  the 
efficacy  of  serum  and  intestinal  antibody  protection  will  be  determined  in  animals  immunized  with 
potato  delivered  CTB,  CFA/I ,  NSP4  and  rotavirus  capsid  proteins.  Achieving  this  objective  will 
prepare  the  basis  for  future  clinical  studies  and  the  production  of  analogous  tomato  based  vaccines. 


PROJECT  SITE(s)  (Organization,  City,  State): 

Our  plant  molecular  biology  laboratory  is  situated  in  the  Center  for  Molecular  Biology  and 
Gene  Therapy,  on  the  campus  of  Loma  Linda  University,  Loma  Linda  CA,  92350.  Our  laboratory 
is  equipped  to  conduct  all  the  molecular  biology,  cell  culture  and  plant  growth  aspects  of  the 
proposed  project.  A  greenhouse  located  adjacent  to  our  laboratory  enables  the  growth  of 
recombinant  potato  and  tomato  tissues  sufficient  to  determine  the  efficacy  of  our  plant-based  mucosal 
vaccines  in  animal  systems.  We  are  equipped  to  test  the  efficacy  of  our  plant-based  multicomponent 
vaccines  in  mammalian  model  systems.  Animal  care  and  operative  procedures  are  provided  in  the 
adjacent  facilities  of  the  University  Medical  Center  supervised  by  Loma  Linda  University  resident 
veterinarian  Dr.  Charles  Kean.  Harry  Greenberg,  M.D.,  Stanford  University  School  of  Medicine,  will 
assist  in  the  design  and  performance  of  our  rotavirus  in  vivo  efficacy  studies  in  his  laboratories  at 
Stanford.  Dr.  Greenberg,  is  a  world  authority  on  human  rotavirus  vaccines.  He  believes  these  studies 
may  lead  to  clinical  trials  which  he  is  prepared  to  help  facilitate. 
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STATEMENT  REGARDING  FEDERALLY  SPONSORED  RESEARCH  OR 

DEVELOPMENT 

This  invention  was  made  with  Government  support  under  subcontract  number 
010-FY97-LLU-LANGRIDGE  with  the  National  Medical  Test  Bed,  United  States  Department 
5  of  the  Army.  The  Government  has  certain  rights  in  this  invention. 

PARTI 

INTRODUCTION 

I 

10  Human  rotavirus  is  the  most  important  cause  of  infantile  gastroenteritis  throughout  the 

world.  This  virus  has  a  tremendous  public  health  impact  worldwide,  infecting  nearly  every  child 
in  the  first  few  years  of  life  (Kapikian  et  al.,  1985).  Rotavirus  infection  is  responsible  for 
approximately  1  million  deaths  each  year,  and  an  estimated  18  million  hospitalizations  of  which 
20  to  40%  of  the  hospitalizations  are  for  childhood  diarrhea,  making  this  virus  the  most  important 
15  single  cause  of  diarrheal  mortality  among  children  (Glass  et  al.,  1994).  Rotavirus  caused  acute 
gastroenteritis  is  second  only  to  acute  respiratory  disease  as  a  source  of  child  illness  in  the  USA 
(Jawetz  et  al.,  1989).  Although  mortality  rates  in  the  USA  are  relatively  low  (75  to  125  deaths 
each  year)  compared  to  developing  countries,  direct  medical  expenses  exceed  $500  million  and 
total  costs  exceed  $1  billion  (Glass  et  al.,  1994). 

20  Rotavirus  belongs  to  family  Reoviridae  which  includes  six  genera;  reovirus,  rotavirus,  and 

orbivirus  as  well  as  three  additional  genera  which  infect  only  plants  and  insects  (Jawetz  et  al., 
1989).  Human  rotavirus  belongs  to  the  genus  rotavirus  which  contains  11  segments  of  double- 
stranded  RNA,  each  encoding  a  viral  protein.  Two  important  viral  glycoproteins  for  neutralizing 
the  virus  are  the  outer  capsid  protein  VP7  and  VP4  (hemagglutinin).  Serological  studies  revealed 
25  four  common  types  of  VP7  glycoprotein  (G1  through  G4)  and  two  VP4  serotypes  (P4  and  P8); 
all  of  these  serotypes  are  found  in  children  with  diarrhea  (Glass  et  al.,  1994).  Theoretically  an 
effective  vaccine  should  protect  against  rotavirus  encoding  all  of  these  common  neutralization 
antigens.  However,  a  live  bovine  strain  of  rotavirus  vaccine  (RIT)  with  serologically  distinctive 
VP7  and  VP4  has  been  found  to  be  protective  both  in  adults  and  in  children,  significantly  reducing 
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the  incidence  of  gastroenteritis  (Vesikari  et  al.,  1986).  Therefore,  a  vaccine  strain  marginally 
immunogenic  in  humans  might  prevent  the  disease  process  through  heterotypic  protection. 
Alternatively,  an  independent  study  done  by  a  research  group  in  Japan  showed  that  protection 
against  rotavirus  gastroenteritis  was  serotype  specific  and  seemed  to  be  related  to  levels  of 
5  antibodies  to  homotypic  virus  (Chiba  et  al. ,  1993).  Recent  discovery  of  a  rotavirus  non-structural 

protein,  NSP4  and  its  22-amino  acid  peptide  which  functions  as  a  viral  enterotoxin  may  provide 
new  insights  into  the  development  of  effective  rotavirus  vaccines  (Ball  et  al.,  1996).  Induction 
of  antibody  against  NSP4  alone  may  confer  cross  protection  from  clinical  disease  without  the  need 
for  induction  of  antibodies  against  viral  structural  proteins  (Conner  et  al.,  1996).  Induction  of 
10  antibodies  against  NSP4  or  its  22-amino  acid  peptide  conferred  protection  in  pups  born  to 
immunized  dams,  and  decreased  incidence  and  severity  of  diarrhea  (Ball  et  al.,  1996). 

Although  medical  treatment  for  rotavirus  gastroenteritis  is  routine  in  hospitals  in  the  USA, 
early  epidemiological  studies  conducted  in  Finland  indicated  that  rotavirus  might  best  be  controlled 
through  vaccination  (Vesikari  et  al. ,  1986).  Natural  passive  immunity  seems  to  protect  children 
15  under  2  years  of  age.  Reinfection  with  the  same  rotavirus  occurs  infrequently,  and  repeated 
illness  tend  to  be  less  severe  or  even  asymptomatic.  Thus ,  even  though  immunity  against  rotavirus 
is  not  fully  protective  against  reinfection  neonatal  rotavirus  infection  confers  protection  from  the 
development  of  clinically  severe  disease  later  in  life  (Bishop  et  al.,  1983). 

We  have  previously  demonstrated  that  oral  immunization  of  CD- 1  mice  with  transgenic 
r  20  potato  plants  producing  cholera  toxin  B  subunit  (CTB)  induced  anti-cholera  toxin  antibody  both 
in  serum  and  the  intestine  and  conferred  approximately  50%  level  of  protection  against  cholera 
toxin  challenge  in  the  ligated  ileal  loop  assay  (Arakawa  et  al. ,  1997 ;  1998) .  Here  we  demonstrate 
that  food  plants  are  capable  of  producing  substantial  amounts  of  CTB  fusion  peptide  for  oral 
vaccine  purposes.  Such  recombinant  transgenic  food  vaccine  would  be  cost-effective  so  that 
25  countries  which  can  not  presently  afford  conventional  animal  cell-based  rotavirus  reassortant 
vaccines  may  be  able  to  produce  oral  vaccine  plants  in  their  own  countries  for  protection  of  their 
children  from  this  enteric  virus. 
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FIGURES 


Figure  1. 

Plant  transformation  vector  pPCV701FM4-CTBH:NSP4(113-135):SEKDEL.  Four  genes 
located  within  the  T-DNA  sequence  flanked  by  the  right  and  left  border  (RB  and  LB),  25  bp 
5  direct  repeats  required  for  integration  of  the  T-DNA  into  plant  genomic  DNA:  1.) 

CTBH:NSP4(113-135):SEKDEL  coding  sequence  under  control  of  the  mas  P2  promoter;  2.) 
the  bacterial  luciferase  AB  fusion  gene  (luxF)  under  control  of  the  mas  PI  promoter  as  a 
detectable  marker;  3.)  an  NPT II  expression  cassette  for  resistance  to  kanamycin  in  plants;  4.) 
a  p  -lactamase  cassette  for  resistance  to  ampicillin  in  E.  coli  and  carbenicillin  in  A. 

10  tumefaciens.  The  g7pA  polyadenylation  signal  is  from  the  A.  tumefaciens  TL-DNA  gene  7;  the 
OcspA  polyadenylation  signal  is  from  the  octopine  synthase  gene;  Pnos  is  the  promoter  of  the 
nopaline  synthase  gene;  g4pA  is  the  polyadenylation  signal  from  TL-DNA  gene  4;  OriT  is  the 
origin  of  transfer  derived  from  pRK2;  OriV  is  the  wide  host  range  origin  of  replication  for 
multiplication  of  the  plasmid  in  A.  tumefaciens  derived  from  pRK2;  and  Ori  pBR322  is  the 
15  replication  origin  of  pBR322  for  maintenance  of  the  plasmid  in  E.  coli. 

Figure  2. 

Luciferase  activity  in  transformed  potato  leaf  tissues.  Three  kanamycin  resistant  potato 
plants  (#1  -  #3)  showed  bacterial  luciferase  activity  in  leaves  and  microtubers  detected  by  low- 
light  image  analysis  after  induction  on  high  auxin  medium  for  48  hours.  No  luciferase  activity 
r  20  was  detected  in  leaves  of  untransformed  potato  plants.  Photon  detection  period  was  five 
minutes. 

Figure  3. 

CTB  fusion  gene  detection  in  genomic  DNA  of  transformed  potato  leaves,  lane  1,  1  Kb 
DNA  ladder  (Gibco  Life  Technologies)  DNA  templates  used  for  PCR  amplification  reaction 
25  of  the  CTB  gene  were;  lane  2,  pPCV701FM4-CTBH:NSP4(l  13-135):SEKDEL  plasmid  DNA 
(10  ng);  lane  3,  untransformed  potato  plant  genomic  DNA  (500  ng);  lane  4-6,  transformed 
potato  plant  genomic  DNA  (500  ng)  from  plants  #1,  it 2 ,  and  #3. 

Figure  4. 

Immunoblot  detection  of  plant  CTB  chimeric  peptide.  Auxin  induced  microtuber  tissues 
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derived  from  transgenic  potato  plant  #\  were  analyzed  for  the  expression  of  multimeric  CTB 
fusion  peptide  which  dissociated  to  monomers  by  heat  treatment,.  A.  multimeric  chimera, 
lane  1,  100  ng  bacterial  CTB;  lane  2,  total  protein  (100  Mg)  from  untransformed  potato  plant 
tuber  tissue;  lane  3-5,  total  protein  ( 100  Mg)  from  tuber 
5  tissues  of  transgenic  potato  plants  #\  -  #3;  lane  6,  total  protein  (100  Mg)  from  tuber  tissue  of 
transformed  potato  plant  producing  CTBtSEKDEL  fusion  peptide  (Arakawa  et  al. ,  1997). 

B.  monomeric  CTB.  lane  1,  100  ng  bacterial  CTB  multimer  (Mr  ~  45  kDa)  partially 
dissociated  to  monomer  (Mr  ~  12  kDa);  lanes  2  (boiled)  and  3  (unboiled),  total  protein  (100 
Mg)  from  untransformed  potato  plant  callus  tissue;  lanes  4  (boiled)  and  5  (unboiled),  total 
10  protein  (100  Mg)  from  #4  transgenic  potato  plant  leaf  callus  tissue.  Arrow  indicates  the  band 
(Mr  —  15  kDa)  corresponding  to  leaf  callus  CTB  monomer.  C.  CTB  in  tuber  tissues,  lane 
1,  100  ng  bacterial  CTB  (boiled);  lane  2,  total  protein  (150  ng)  from  #4  transgenic  potato  plant 
microtuber  tissue  (boiled);  lane  3,  total  protein  (150  ng)  from  untransformed  potato  plant 
microtuber  tissue  (boiled);  lanes  4-6,  identical  to  lanes  1-3,  respectively,  except  samples  were 
15  not  boiled  prior  to  SDS-PAGE.  Arrow  indicates  microtuber  CTB  monomer  (Mr  ~  15  kDa). 
Figure  5. 

Determination  of  fusion  peptide  levels  in  transgenic  potato  plants.  The  GM, -ELISA 
detection  of  plant-synthesized  CTB  indicates  that  the  chimeric  peptide  showed  specific  binding 
affinity  for  the  natural  receptor  of  cholera  toxin,  GM1-ganglioside  and  that  its  level  in  tuber 
20  tissues  from  transgenic  potato  plant  #1  is  approximately  0.1%  of  total  soluble  plant  protein. 
The  relative  light  units  (RLU)  was  plotted  against  dilutions  of  plant  homogenate. 

MATERIALS  AND  METHODS 

Construction  of  plant  expression  vector  pPCV701FM4-CTB:NSP4(114-135):SEKDEL. 

The  plant  expression  vector  pPCV701FM4,  a  derivative  of  plasmid  pPCV701  was  digested 
25  with  Xbal  and  SacI  restriction  endonucleases  within  the  multiple  cloning  site  to  insert  a  gene 
encoding  the  cholera  toxin  B  subunit  from  plasmid  pRT42  containing  the  ctxAB  operon 
(provided  by  Dr.  J.  Mekalanos,  Harvard  Medical  School).  The  oligonucleotide  5’  primer  (5’- 
GCTCTAGAGCCACCATGATTAAATTAAAATTTGGTG-3’)  and  the  3’  primer  (5’- 
CTGGAGCTCGGGCCCCGGCCC  ATTTGCC  AT  ACT  A  ATTGCGG-3  ’ )  were  synthesized 


5 


? 

with  Xbal  and  Sacl  restriction  endonuclease  recognition  sites  (bold)  for  amplification  and 
cloning  of  the  CTB-hinge  coding  sequence,  in  a  model  394  DNA/RNA  Synthesizer  (Applied 
Biosystems,  Inc.).  The  oligonucleotide  sequence  surrounding  the  translation  initiation  codon 
of  the  CTB  gene  was  altered  to  a  preferred  nucleotide  context  for  translation  in  eukaryotic  cells 
5  (Kozak,  1981),  and  a  putative  Shine-Dalgarno  sequence  (AGGA)  present  in  the  ctxAB  operon 
in  plasmid  pPT42  was  removed.  The  DNA  sequence  encoding  the  21  amino  acid  leader 
peptide  of  the  CTB  was  retained  to  direct  the  nascent  CTB  fusion  peptide  into  the  lumen  of  the 
ER.  The  3’  primer  was  designed  to  contain  a  nucleotide  sequence  encoding  a  Gly-Pro  box 
(Gly-Pro-Gly-Pro)  with  relatively  less  frequently  used  codons  in  plants  to  allow  the  ribosomes 
10  to  halt  for  proper  folding  of  CTB  moiety  before  translation  of  the  downstream  message 
sequence.  An  additional  function  of  the  Gly-Pro  box  would  be  to  act  as  a  flexible  hinge 
between  CTB  and  the  conjugated  peptide.  The  methods  for  cloning  the  CTBH  fusion  gene 
into  the  multiple  cloning  site  immediately  downstream  of  the  mas  P2  promoter  and  the  DNA 
sequence  confirmation  were  as  follows.  After  PCR  amplification  (Perkin  Elmer  Gene  Amp 
15  PCR  System  9600)  according  to  the  following  reaction  parameters;  94  °C,  45  sec.:  55  °C  for 
60  sec.:  72  °C  for  45  sec.,  a  total  of  30  cycles),  the  ligated  vector  and  PCRed  fragment  (T4 
ligase  at  16  °C  for  20  hrs.)  were  electroporated  into  Escherichia  coli  strain  HB101  (250  mFD, 
200  Q  ,  and  2,500  volts;  Gene  Pulser,  Bio-Rad,  Inc.)  and  ampicillin  resistant  colonies  were 
isolated  after  overnight  growth  at  37  °C.  To  confirm  the  presence  of  the  correct  CTBH  fusion 
20  gene  sequence  in  transformed  E.  coli  cells,  the  plasmid  was  isolated  from  individual  colonies 
of  transformants  and  subjected  to  DNA  sequence  analysis  with  the  forward  primer  (5’- 
ACCAATACATTACACTAGCATCTG-3’)  specific  for  the  mas  P2  promoter  and  the  reverse 
primer  (5 ’ -GACTGAGTGCGAT ATT ATGTGT AAT AC-3  ’ )  specific  for  the  gene  7  poly(A) 
signal  (model  373 A  DNA  Sequencer  Applied  Biosystems,  Inc.).  This  plant  transformation 
25  vector  was  designated  as  pPCV701FM4-CTBH. 

To  insert  the  rotavirus  enterotoxin  NSP4(114-135)  epitope  gene,  two  overlapping 
primer  sequences  were  sysnthesized  and  equimolar  amounts  of  both  single-stranded 
deoxyribonucleotide  fragments  were  subjected  to  PCR  amplification  (94  °C  45  sec. :  55  °C  for 
60  sec. :  72  °C  for  60  sec. :  30  cycles  total)  to  created  double  stranded  103  bp  length  synthetic 
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gene.  The  5’  oligonucleotide  and  the  3’  oligonucleotide  were  designed  to  contain  17  bp 
complementary  sequence  for  the  thermostable  Vent  DNA  polymerase  (New  England  Biolabs) 
attachment  site  for  the  initial  cycle  of  the  PCR  reaction.  The  3’  oligonucletide  contains  DNA 
sequence  encoding  endoplasmic  reticulum  retention  signal  (SEKDEL)  (underlined)  with  codons 
5  most  frequently  found  in  potato  plants.  Both  oligonucleotides  contains  Steel  recognition  sites 
(bold)  to  clone  the  synthetic  gene  fragment  into  Sacl  site  immediately  downstream  of  the  hinge 
sequence  of  the  vector  to  create  vector  pPCV701FM4-CTBH:NSP4(114-135):SEKDEL. 

Following  confirmation  of  the  correct  fusion  gene  sequence,  the  shuttle  vector  was 
transferred  into  A.  tumefaciens  recipient  strain  GV3101  pMP90RK  by  the  same  electroporation 
10  conditions  used  for  E.  coli  transformation.  A.  tumefaciens  transformants  were  grown  at  29  °C 
on  YEB  solid  medium  containing  the  antibiotics  carbenicillin  (100  Mg/ml),  rifampicin  (100 
Mg/ml),  kanamycin  (25  u g/ml),  and  gentamycin  (25  Mg/ml)  for  selection  of  transformants. 

The  plasmid  was  isolated  from  an  A.  tumefaciens  transformant  and  transferred  back  into  E. 
coli  HB101  by  electroporation  to  confirm  by  restriction  endonuclease  analysis  that  no 
15  significant  deletion  had  occurred  in  the  vector.  Structural  confirmation  of  the  plasmid  was 

required  because  recombination  events  within  the  rec+  A.  tumefaciens  strain  could  alter  the  T- 
DNA  sequence.  Transfer  of  the  plasmid  from  A.  tumefaciens  back  to  the  E.  coli  host  was 
necessary  because  significant  amounts  of  plasmid  are  difficult  to  isolate  directly  from  A. 
tumefaciens.  Agrobacteria  carrying  the  plant  expression  vector  were  grown  on  YEB  solid 
20  medium  containing  all  four  antibiotics  for  48  hours  at  29  °C  and  directly  used  for 
transformation  of  sterile  potato  leaf  explants. 

Plant  transformation.  Sterile  potato  plants  S.  tuberosum  cv.  Bintje  were  grown  in  Magenta 
boxes  (Sigma  Chemical,  Co.)  on  solid  Murashige  and  Skoog  (MS)  complete  organic  medium 
(JRH  Biosciences)  containing  3.0%  sucrose  and  0.2%  gelrite.  Leaf  explants  excised  from  the 
25  young  plants  were  laterally  bisected  in  a  9  cm  diameter  culture  dish  containing  an  overnight 
culture  of  A.  tumefaciens  suspension  (1  x  1010  cell/ml)  harboring  pPCV701FM4- 
CTBH:NSP4(113-135):SEKDEL.  Bacterial  suspension  was  supplemented  with  acetosyringone 
(370  /uM)  to  increase  transformation  efficiency.  The  explants  were  incubated  in  the  bacterial 
suspension  for  5  minutes,  blotted  on  sterile  filter  paper,  and  transferred  to  MS  solid  medium. 
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pH  5.7,  containing  0. 1  /ig/ml  naphthalene  acetic  acid  (KAA)  and  1.0  /ig/ml  trans-zeatin.  The 
leaf  explants  were  incubated  for  48  hours  at  room  temperature  on  MS  solid  medium  to  permit 
T-DNA  transfer  into  the  plant  genome.  For  selection  of  transformed  plant  cells  and  for 
counter  selection  against  continued  Agrobacterium  growth,  the  leaf  explants  were  transferred 
5  to  MS  solid  medium  containing  the  antibiotics  kanamycin  (100  /ig/ml)  and  claforan  (300 
/ig/ml).  Transformed  plant  cells  formed  calli  on  the  selective  medium  after  continuous 
incubation  for  2  to  3  weeks  at  room  temperature  in  a  light  room  under  cool  white  fluorescent 
tubes  on  a  12  hour  photoperiod  regime.  When  transformed  calli  grew  to  5  -  10  mm  in 
diameter,  the  leaf  tissue  was  transferred  to  MS  medium  containing  1.0  /ig/ml  trans-zeatin,  50 
10  jug/ml  kanamycin  and  400  /ig/ml  claforan  for  shoot  induction.  Regenerated  shoots  were 

excised  and  transferred  to  MS  solid  medium  without  plant  hormones  or  antibiotics  to  stimulate 
root  formation.  Plantlets  were  allowed  to  grow  and  form  microtubers  under  sterile  conditions 
to  characterization. 

Detection  of  luciferase  activity  in  transformed  A.  tumefaciens  and  transgenic  plants.  The 
15  presence  of  the  plant  expression  plasmid  in  agrobacteria,  luxF  gene  expression  under  control  of 
the  mas  PI  promoter  was  monitored  by  low-light  image  analysis  (Langridge  et  al.,  1991).  To 
perform  the  bioluminescent  assay,  bacterial  culture  grown  for  24  hours  on  YEB  solid  culture 
medium  was  covered  with  a  glass  culture  plate  lid  swabbed  with  substrate  n-decyl  aldehyde 
(Sigma)  and  analyzed  by  the  Argus- 100  intensified  camera  system  (Hamamatsu  Photonics, 

20  K.K.). 

Expression  of  luxF  gene  was  also  monitored  to  confirm  the  presence  of  the  T-DNA 
sequence  in  the  plant  genome  and  to  estimate  the  level  of  CTB  fusion  gene  expression  by  mas 
P2  promoter.  Leaves  excised  from  putative  transformants  were  wounded  by  scalpel  blade 
followed  by  incubation  on  MS  solid  medium  containing  naphthalene  acetic  acid  (5  /ig/ml)  and 
25  2,4-dichlorophenoxy  acetic  acid  (6  /ig/ml)  for  48  hours.  Light  emission  from  the  wounded 
leaf  tissues  was  detected  as  described  for  agrobacteria. 

Detection  of  the  CTB  gene  in  transformed  plant  genomic  DNA.  Genomic  DNA  was 
isolated  from  transformed  potato  leaf  tissues.  Presence  of  the  CTB  fusion  gene  was 
determined  by  PCR  analysis  using  the  oligonucleotide  primers  specific  for  the  T-DNA 
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sequence.  Transformed  plant  genomic  DNA  (500  ng)  was  used  as  a  template  to  detect  the 
CTB  gene  by  PCR  amplification  (94  °C  for  45  seconds,  55  °C  for  60  seconds,  and  62  °C  for  60 
seconds  for  a  total  of  30  cycles). 

CTB  fusion  protein  detection  in  transformed  potato  tissues.  Transgenic  potato  leaf  and 
5  microtuber  tissues  were  analyzed  for  the  CTB  fusion  gene  expression  by  immunoblot  analysis. 
Callus  tissues  were  derived  from  leaf  or  tuber  tissues  incubated  for  4  weeks  on  MS  solid 
medium  containing  5.0  mg/1  NAA  and  6.0  mg/1  2,4-D.  Tissues  were  homogenized  by 
grinding  by  a  mortar  and  pestle  at  4  °C  in  extraction  buffer  (1:1  w/v)  (200  mM  Tris-Cl,  pH 
8.0,  100  mM  NaCl,  400  mM  sucrose,  10  mM  EDTA,  14  mM  2-mercaptoethanol,  1  mM 
10  phenylmethylsulfonyl  fluoride,  0.05%  Tween-20).  The  tissue  homogenate  was  centrifuged  at 
17,000  x  g  in  a  Beckman  GS-15R  centrifuge  for  15  minutes  at  4°C  to  remove  insoluble  cell 
debris.  An  aliquot  of  supernatant  containing  100  /xg  of  total  soluble  protein,  as  determined  by 
Bradford  protein  assay  (Bio-Rad,  Inc.),  was  separated  by  15%  sodium  dodecylsulfate 
polyacrylamide  gel  electrophoresis  (SDS-PAGE)  at  125  volts  for  30  to  45  minutes  in  Tris- 
15  glycine  buffer  (25  mM  Tris,  250  mM  glycine,  pH  8.3,  0.1%  SDS).  Samples  were  either 
loaded  directly  on  the  gel  or  boiled  for  5  minutes  prior  to  electrophoresis. 

The  separated  protein  bands  were  transferred  from  the  gel  to  approximately  80  cm2 
Immun-Lite  membranes  (Bio-Rad,  Inc.)  by  electroblotting  on  a  semi-dry  blotter  (Labconco) 
for  60  minutes  at  15  V.  and  100  mA.  Nonspecific  antibody  reactions  were  blocked  by 
20  incubation  of  the  membrane  in  25  ml  of  5%  non-fat  dry  milk  in  TBS  buffer  (20  mM  Tris  pH 
7.5  and  500  mM  NaCl)  for  1  hour  with  gentle  agitation  on  a  rotary  shaker  (40  rpm),  followed 
by  washing  in  TBS  buffer  for  5  minutes.  The  membrane  was  incubated  overnight  at  room 
temperature  with  gentle  agitation  in  a  1:5,000  dilution  of  rabbit  anti-cholera  antiserum  (Sigma 
C-3062)  in  TTBS  antibody  dilution  buffer  (TBS  with  0.05%  Tween-20  and  1%  non-fat  dry 
25  milk)  followed  by  washing  three  times  in  TBST  washing  buffer  (TBS  with  0.05%  Tween-20). 
The  membrane  was  incubated  for  1  hour  at  room  temperature  with  gentle  agitation  in  a 
1:10,000  dilution  of  mouse  anti-rabbit  IgG  conjugated  with  alkaline  phosphatase  (Sigma  A- 
2556)  in  antibody  dilution  buffer.  The  membrane  was  washed  three  times  in  TTBS  buffer  as 
before  and  once  with  TBS  buffer,  followed  by  incubation  in  1  x  chemiluminescent  substrate 
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CSPD™  (Bio-Rad,  Inc.)  for  5  minutes  at  room  temperature  with  gentle  agitation.  The 
membrane  was  wrapped  with  transparent  plastic  membrane  and  placed  in  a  photocassette  on 
Kodak  X-OMAT  film  (cat#  1651454).  (The  membrane  was  also  used  to  image 
chemiluminescent  light  intensity  in  both  the  numerical  and  graphic  form  by  the  Argus- 100 
5  video  image  analysis.)  The  film  was  subjected  to  1  -  10  minutes  exposure  and  developed  in  a 
Kodak  M35A  X-OMAT  Processor. 

Quantitation  of  CTB  fusion  protein  level  in  transgenic  potato  tissues.  Pentameric  CTB 
fusion  protein  levels  in  transgenic  potato  plants  and  its  affinity  for  GM,-ganglioside  were 
evaluated  by  quantitative  chemiluminescent  GM1-ELISA  assays.  The  microtiter  plate  was 
10  coated  with  100  /ul/well  of  monosialoganglioside  GM1  (3.0  /zg/ml)  (Sigma  G-7641)  in 
bicarbonate  buffer,  pH  9.6  (15  mM  Na2C03,  35mM  NaHC03)  and  incubated  at  4°C 
overnight.  Wells  were  loaded  with  100  ^1/well  of  10-fold  serial  dilutions  of  total  soluble 
potato  leaf  or  tuber  protein  in  phosphate  buffered  saline  (PBS)  and  incubated  overnight  at  4°C. 
The  plate  was  washed  three  times  in  PBST  (PBS  containing  0.05%  Tween-20).  The  wells 
15  were  blocked  by  adding  300  /il/well  of  1  %  bovine  serum  albumin  (BSA)  in  PBS  and  incubated 
at  37  °C  for  2  hours  followed  by  washing  three  times  with  PBST.  The  wells  were  loaded  with 
100  ^l/well  of  1:5,000  dilution  of  rabbit  anti-cholera  toxin  antibody  (Sigma  C-3062)  and 
incubated  for  2  hours  at  37  °C,  followed  by  washing  the  wells  three  times  with  PBST.  The 
plate  was  incubated  with  100^1/well  of  1:50,000  dilution  of  alkaline  phosphatase-conjugated 
20  anti-rabbit  IgG  (Sigma  A-2556)  for  2  hours  at  37  °C  and  washed  three  times  with  PBST.  The 
plate  was  finally  incubated  with  100  /ul/well  of  Lumi-Phos®  Plus  (Lumigen,  Inc.  P-701)  for  30 
minutes  at  37  °C  and  the  enzyme-substrate  reaction  was  measured  in  a  Microlite™  ML3000 
Microtiter®  Plate  Luminometer  (Dynatech  Laboratories). 

RESULTS 

25  Detection  of  luciferase  activities  from  putative  transgenic  potato  plants.  After 

Agrobacterium  mediated  transformation  of  potato  leaf  explants  with  the  plant  expression  vector 
pPCV70 1FM4-CTBH :NSP4(  1 13-135) :SEKDEL  (Fig.  1),  more  than  40  independent 
kanamycin-resistant  plants  were  regenerated.  Of  those  only  three  plants  were  found  to  express 
luciferase  activities  above  background  levels  from  untransformed  plants  (Fig.  2).  Thus,  only 
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less  than  10%  of  kanamycin-resistant  plants  were  found  to  express  luciferase  activities  in  this 
plant  transformation  experiment.  However,  in  additional  potato  plant  transformation 
experiments,  transformation  efficiencies  were  found  to  vary  considerably  experiment  to 
experiment,  suggesting  the  possibility  that  differences  in  aspects  of  the  transformation  method 
5  such  as  physiological  state  of  leaf  explants  and  the  growth  state  of  the  agrobacteria  used  for 
transformation  may  result  in  substantial  differences  in  transformation  efficiency.  In  addition, 
the  number  of  kanamycin-resistant  plants  regenerated  per  transformation  experiment  varied 
dramatically  ranging  from  0  to  200  per  50  leaf  explants  transformed.  Therefore,  the  presence 
of  a  convenient  detectable  marker  gene  such  as  luciferase  in  addition  to  selectable  marker  gene 
10  significantly  enhances  the  process  of  screening  large  numbers  of  antibiotic  resistant  putative 

transformants. 

PCR  detection  of  CTB  fusion  gene  in  transgenic  potato  plants.  Three  transformed  potato 
plants  showing  luciferase  activities  were  analyzed  for  the  presence  of  the  fusion  gene  in  plant 
genomic  DNA  isolated  from  young  leaf  tissues  (Fig.  3).  A  650  bp  DNA  fragment,  including 
15  both  5’  and  3’  flanking  sequences  of  the  fusion  gene,  was  amplified.  The  PCR  amplification 
was  very  specific  probably  due  to  high  specificity  of  the  primers  used  for  the  PCR  reaction. 
The  DNA  fragments  amplified  from  plasmid  vector  pPCV701FM4-CTBH:NSP4(114- 
135):SEKDEL  and  from  transgenic  plant  genomic  DNA  were  identical  in  molecular  weight. 
Although,  identical  amounts  of  template  genomic  DNA  (500  ng)  was  used  for  the  PCR 
20  reaction,  the  plant  exhibiting  the  highest  luciferase  activity  (Fig.  2)  also  demonstrated  the 

highest  level  of  PCR  amplification  (Fig.  3).  The  correlation  between  PCR  product  level  and 
luciferase  activity  suggests  the  possibility  of  increased  T-DNA  copy  number  in  this 
transformant. 

Immunoblot  analysis  of  plant  synthesized  CTB  fusion  protein.  The  three  transformed 
25  plants  were  analyzed  for  the  presence  of  CTB-NSP4  fusion  peptide  by  immunoblot  analysis 
(Fig.  4).  Transgenic  potato  tuber  tissues  were  shown  to  contain  CTB  fusion  protein  (~  60 
kDa)  that  strongly  reacted  with  anti-cholera  toxin  antibody  which  predominantly  recognized 
pentameric  form  of  cholera  toxin  or  its  B  subunit  (Fig.  4).  Vector  transfomed  potato  plants 
did  not  show  this  protein  bands  (lane  2).  Plants  #1  showed  approximately  3  to  5  fold  higher 
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chimeric  protein  level  than  other  two  (#2  and  #3,  lanes  4  and  5).  Potato-synthesized  CTB- 
NSP4  fusion  peptide  exhibited  higher  molecular  weight  than  both  pentameric  bacterial  CTB 
subunit  (45  kDa,  lane  1)  and  potato-synthesized  pentameric  CTB  subunit  with  ER  retention 
signal  (50  kDa,  lane6). 

5  CTB  protein  levels  in  transformed  potato  plants.  To  obtain  quantitatively  measure  the  CTB 
protein  level  in  tubers  of  transgenic  plant  it  1,  both  chemiluminescent  GM, -ELISA  and 
chemiluminescent  immunoblot  assays  were  employed. 

In  the  chemiluminescent  GM, -ELISA  method,  the  amount  of  plant  CTB  fusion  protein 
was  measured  by  comparison  of  chemiluminescent  intensities  from  a  known  amount  of 
10  bacterial  CTB  protein-antibody  complex  with  that  emitted  from  a  known  amount  of 

transformed  plant  soluble  protein.  Two  standard  curve  (1  %  and  0.1%)  were  generated  based 
on  the  relative  light  units  (RLU)  measured  for  different  amount  of  bacterial  CTB.  The  RLU 
generated  from  serial  dilutions  of  transgenic  potato  plant  homogenates  were  plotted  into  the 
graph,  and  found  to  reside  within  the  0. 1  %  and  0.01  %  curves,  indicating  that  the  fusion 
15  protein  level  in  the  transgenic  potato  tissue  is  slightly  less  than  0.1%. 

In  the  chemiluminescent  immunoblot  method,  luminescent  intensities  of  bacterial  and 
plant  CTB  protein  bands  blotted  on  Immun-Lite  membranes  after  SDS-PAGE  were  measured 
by  the  Argus- 100  low-light  imager  Data  Analysis  Program.  The  number  of  photons  emitted 
from  either  bacterial  CTB  (Fig.  4,  lane  1)  or  plant  CTB  (Fig.  4,  lane  6)  or  plant  CTB-NSP4 
r  20  fusion  protein  bands  was  quantified,  and  their  values  compared  to  provide  a  semi-quantitative 
estimate  of  the  amount  of  plant  synthesized  CTB  fusion  protein.  Based  on  the  amount  of  light 
emission  detected  from  a  known  amount  of  bacterial  CTB  protein  (100  ng),  the  amount  of 
plant  CTB  fusion  protein  was  calculated  to  be  approximately  100  ng.  The  %  of  chimeric 
protein  in  the  plant  was  calculated  based  on  the  amount  of  soluble  plant  protein  (100  ng)  used 
25  in  the  assay.  Based  on  this  method,  the  %  of  plant  CTB  protein  was  found  to  be 
approximately  0.1%  of  total  soluble  plant  protein,  a  value  in  close  agreement  with 
measurements  made  by  the  chemiluminescent  GMI-ELISA  method.  Based  on  the  results  of  the 
chemiluminescent  ELISA  and  immunoblot  assays,  1  g  of  callus  tissues  (fresh  weight)  obtained 
from  auxin-induced  potato  leaves  contained  10  /^g  of  recombinant  plant  CTB-NSP4  fusion 
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protein. 

DISCUSSION 

The  combination  of  a  convenient  method  for  screening  large  numbers  of  transformants 
via  the  bacterial  luciferase  reporter  gene  and  the  hormone-inducible  mas  promoter  system 
5  provides  us  with  the  potential  for  rapid  screening  for  large  numbers  of  transgenic  plants  to 
obtain  those  with  the  highest  transgene  expression  levels.  In  our  potato  transformation 
experiments,  the  luciferase  reporter  gene  was  important  for  identification  of  transformants  as 
only  less  than  10%  of  kanamycin-resistance  plants  were  transformed.  The  mas  dual  promoter 
system  provides  a  distinct  advantage  when  simultaneous  expression  of  marker  gene  and  another 
10  gene  were  desired  in  plant. 

Addition  of  polypeptide  at  the  N-terminus  of  CTB  subunits  has  been  shown  to  reduce 
its  affinity  for  GM1-ganglioside  (Dertzbaugh  and  Elson,  1993)  probably  because  of  the  steric 
hindrance  or  conformational  changes  induced  within  the  CTB  molecules.  In  contrast,  C- 
terminus  of  the  CTB  subunits  has  been  shown  to  well  tolerate  addition  of  relatively  large 
15  polypeptide  without  disrupting  its  affinity  for  the  ligand  (reference********).  The  leader 

peptide  of  this  fusion  protein  required  to  translocate  the  conjugates  into  the  lumen  of  ER  was 
presumably  provided  by  the  original  CTB  leader  peptide.  Presence  of  Gly-Pro  box  between 
CTB  and  NSP4(1 14-135)  peptide  may  function  as  a  flexible  hinge  between  the  two  moieties  of 
the  chimera,  allowing  maximal  movement  between  them  to  reduce  steric  hindrance  which  may 
r  20  reduce  GM1  affinity  (Jagusztyn-Krynicka  et  al.,  1993).  In  addition,  relatively  less  frequently 
used  codons  in  plants  were  used  for  the  hinge  to  allow  ribosome  to  halt  elongation  process, 
thus  possibly  facilitating  CTB  subunit  folding  prior  to  translation  of  the  downstream  message. 
The  C-terminus  of  the  CTB  fusion  proteins  contain  hexapeptide  ER  retention  signal  to 
sequester  the  chimeric  protein,  which  may  facilitate  pentamerization  process.  Presence  of  the 
25  SEKDEL  hexapeptide  at  the  C-terminus  of  proteins  has  been  shown  by  other  investigators  to 
significantly  increase  protein  accumulation  within  plant  tissues  such  as  potato  leaves  and 
tubers,  tobacco  and  alfalfa  leaves  as  well  as  in  COS  cells  (Munro  and  Pelham,  1987;  Wandelt 
etal.,  1992;  Haq  et  al.,  1995),  thereby  facilitating  protein  subunit  oligomerization. 

Production  of  pentameric  CTB  chimeric  protein  in  transgenic  potato  tissues  suggest  that  the 
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plant  endoplasmic  reticulum,  similar  to  the  periplasmic  space  of  Gram-negative  bacteria  (Hirst 
and  Holmgren,  1987),  provides  an  intracellular  environment  in  which  chimeric  monomers  are 
accumulated  and  assembled  into  pentamers. 

Pentamerization  of  CTB  subunits  is  essential  for  its  affinity  for  the  natural  receptor.  In 
5  Gm,-ELISA  binding  assays,  plant-produced  chimeric  protein  and  bacterial  CTB  demonstrated  a 
strong  affinity  for  GM,-ganglioside  but  not  for  BSA,  which  was  the  bases  of  protein  production 
level  measurement.  The  ability  of  plant-derived  CTB  to  bind  GM1-ganglioside  indicates  that 
the  specific  protein-ganglioside  binding  interactions  between  amino  acid  residues  forming  the 
GM1  binding  sites  and  the  oligosaccharide  moiety  of  GM1-ganglioside  are  conserved. 

10  Tryptophan  residue  at  position  88  of  the  CTB  protein  is  essential  for  both  pentamerization  of 
the  B  monomer  as  well  as  binding  of  the  pentamer  to  the  oligosaccharide  moiety  of  GM,  (de 
Wolf  et  al.,  1981;  de  Wolf  et  al.,  1981).  The  strong  binding  efficiency  of  plant  CTB 
conjugate  for  GMl  indicate  that  molecular  configurations  of  CTB  moiety  is  well  conserved.  In 
addition,  the  absence  of  monomeric  form  of  chimera  by  immunoblot  analysis  indicates  that 
15  predominant  molecular  species  of  chimeric  protein  is  in  the  pentameric  form,  because 
monomeric  CTB  is  unable  to  bind  to  GM1-ganglioside.  Those  observations  suggest  that 
monomeric  B  subunit  fusion  polypeptide  accumulates  within  the  lumen  of  the  ER  of  plant  cells 
where  self-assembly  into  pentameric  GM1  binding  forms  takes  place. 

The  production  in  edible  plants  of  pentameric  CTB  protein  conjugated  with  neutralizing 
20  epitopes  from  microbial  pathogens  may  provide  protective  immunity  by  simply  ingesting 

transgenic  edible  plant  tissues.  Palatable  food  plant  species  of  tropical  and  semi-tropical  origin 
such  as  bananas,  tomatoes  and  avocados  which  are  consumed  without  heat  treatment  must  be 
evaluated  for  their  abilities  to  produce  CTB-fusion  protein  for  vaccine  purposes.  These  food 
plants  would  be  practically  useful  for  production  of  heat-labile  CTB-conjugated  vaccine 
25  protein.  In  addition,  they  would  be  particularly  advantageous  as  oral  vaccines  for  children  due 
to  their  payability.  Development  of  edible  transgenic  plants  with  high  expression  levels  of 
pentameric  CTB  fusion  peptide  with  strong  GM,-ganglioside  affinity,  which  presumably 
achieve  effective  delivery  and  presentation  of  conjugate  epitopes  to  gut-associated  lymphoid 
tissues,  would  provide  low-cost  and  convenient  food-plant  based  oral  vaccines  for  prevention 
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of  infectious  diseases  in  regions  of  the  developing  world  where  conventional  vaccines  are 
difficult  to  afford. 

Although  the  present  invention  has  been  discussed  in  considerable  detail  with  reference 
5  to  certain  preferred  embodiments,  other  embodiments  are  possible.  Therefore,  the  scope  of 
the  appended  claims  should  not  be  limited  to  the  description  of  preferred  embodiments 
contained  in  this  disclosure.  All  references  cited  herein  are  incorporated  by  reference  in  their 
entirety. 
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PART  II 


A.  Goal,  Objectives  and  Research  Phases 

The  goal  of  our  NMTB  subcontract  is  to  generate  increased  efficacy  of  plant-based 
5  vaccines  by:  a)  targeting  multiple  antigens  to  the  gut  associated  lymphoid  system  (GALT)  and 
b)  by  generating  rotavirus  capsid  protein  conformational  epitopes  in  plant  cells.  Achievement 
of  these  goals  is  based  on  the  following  research  objectives:  1.  Generation  of  transformed 
potato  plants  containing  the  genes  encoding  the  cholera  toxin  A  and  B  subunits  (CTA2,CTB), 
the  enterotoxigenic  E.  coli  fimbrial  antigen  (CFA/I)  and  the  rotavirus  VP2,  VP6  capsid  and 
10  NSP4  enterotoxin  antigen  proteins.  2.  Assembly  of  CTB-antigen  fusion  protein  -  CTA2- 

antigen  fusion  protein  heterohexameric  complexes  in  plant  cells.  3.  Generation  of  rotavirus- 
like  particles  (VLPs)  in  transformed  tuber  cells.  Accomplishment  of  the  research  objectives  is 
divided  into  four  phases: 

Phase  1:  Plant  Transformation  with  plant  expression  vectors.  Construction  of  plant 
15  expression  vectors  containing  enterotoxigenic  E.  coli  (ETEC)  fimbrial  antigen  CFA/I, 

rotavirus  capsid  proteins  VP2  and  VP6,  the  rotavirus  enterotoxin  peptide  NSP4  and  the  cholera 
CTA2  and  CTB  subunits  was  accomplished  in  FY97-98.  Transgenic  potato  plants  have  been 
regenerated  which  carry  the  genes  encoding  the  CFA/I-CTB-NSP4  multicomponent  vaccine 
antigens  and  VP2-VP6  rotavirus  capsid  protein  antigens.  Based  on  the  loss  of  previous 
r  20  transformed  plants  and  recent  technical  problems  with  plant  transformation  methods,  neither 
the  VP6-CTB-NSP4  multicomponent  vaccine  vector  or  the  VP2  alone  will  be  able  to  provide 
multicomponent  vaccine  containing  plants  prior  to  the  end  of  FY98-99.  Therefore,  if  it  is 
agreed  upon,  measurement  of  rotavirus  antigen  expression  levels  in  transformed  plants  based 
on  these  two  vectors  will  be  placed  on  hold  to  focus  increased  attention  on  accomplishment  of 
25  the  oral  immunization  and  efficacy  testing  of  tuber  tissues  containing  the  “proof  of  concept” 
GALT  targeted  multicomponent  and  rotavirus  conformational  epitope  vectors,  CFA/I-CTB- 
NSP4  and  VP6-VP2. 

Phase  2:  Determination  of  antigen  protein  levels  in  transformed  plants.  ELISA 
experiments  for  measurement  of  antigen  expression  levels  in  potato  plants  transformed  with 
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the  CFA/I-CTB-NSP4  multicomponent  vaccine  vector,  the  VP6-VP2  rotavirus  capsid  protein 
vector  and  the  rotavirus  VP6  capsid  protein  vector  were  completed  during  the  second  quarter 
of  FY98-99.  These  results  complete  Phase  2  of  our  subcontract. 

Phase  3:  Determination  of  antibody  titers  following  oral  immunization.  ELISA 
5  measurements  of  mouse  serum  (IgG)  and  mucosal  (IgA)  antibody  titers  generated  by  the  plant- 
based  vaccines  following  oral  immunization  with  tuber  tissues  synthesizing  the  multiple 
antigens  has  been  completed  solely  on  VP6  containing  plants.  The  results  of  the  antibody 
titration  experiments  will  provide  the  experimental  basis  for  determining  the  amounts  of 
antibody  required  to  generate  protective  efficacy  against  the  pathogen.  Through  vegetative 
10  propagation,  we  are  generating  additional  transformed  tubers  synthesizing  CFA/I-CTB-NSP4 
and  mouse  oral  immunization  experiments  will  be  initiated  in  the  second  week  of  the  third 
quarter.  Oral  immunization  with  tubers  synthesizing  the  two  rotavirus  capsid  proteins  VP6- 
VP2  will  be  initiated  during  the  third  quarter,  following  continued  vegetative  amplification  of 
transformed  tubers. 

15  Phase  4:  Protective  efficacy  of  the  plant-based  multicomponent  and  rotavirus  vaccines. 

Assessment  of  protective  immunity  generated  by  the  plant-based  vaccines  by  measurement  of 
reduction  in  diarrhea  volume,  reduced  ETEC  binding  to  enterocytes,  or  reduction  in  rotavirus 
shed  in  immunized  mice  following  rotavirus  challenge,  is  contingent  on  ELISA  detection  of 
significant  mucosal  and  (or)  serum  antibody  titers  against  the  pathogen  antigens  after  Phase  3 
"20  oral  immunization  experiments.  With  the  exception  of  plants  synthesizing  VP6  capsid  protein, 
no  additional  Phase  3  mouse  immunization  experiments  have  so  far  been  initiated. 

Depending  on  the  presence  of  detectable  amounts  of  IgG  and  IgA  levels  in  orally  immunized 
animals  determined  in  the  third  quarter,  ETEC  will  be  used  to  challenge  CFA/I  antigen 
protection  against  bacterial  cell  attachment  to  Caco  enterocyte  cells  in  culture.  Wild  type 
25  rotavirus  (strain  ECW),  will  be  used  to  challenge  VP2  and  VP6  immunization  in  the  fourth 
quarter  of  the  subcontract.  Our  progress  towards  the  completion  of  Phase  3  and  4  objectives 
during  the  second  quarter  (October  through  December  1999),  is  outlined  in  Table  1  and  in 
detail  on  a  vector  by  vector  basis  in  Section  B. 
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Table  1.  ENHANCEMENT  OF  PLANT-BASED  VACCINE  EFFICACY 


Phase  1. 

Phase  2. 

Phase  3. 

Phase  4. 

Expression  Vector* 

Transformed  Antigen 

Antigen 

Vaccine 

plants' 

in  tuber 

titration 

efficacy 

A.  GALT  Targeted  Vaccines 

1.  pPCV701-  CFA/I-CTB-NSP4 

P,Tip 

+ 

ip 

2.  pPCV701-  VP6-CTB-NSP4 

B.  Rotavirus  VLP  Vaccines 

pipjip 

3.  pPCV701-  VP6,  VP2 

P 

ip 

- 

- 

4.  pPCV701-  VP6 

P 

+ 

+ 

” 

5.  pPCV701-  VP2 

pip 

- 

- 

- 

x  -  Plant  expression  vectors  #1  and  #2  were  designed  to  test  CTA2-CFA/I  and  CTA2-VP6 
fusion  gene  expression  and  fusion  protein  assembly  with  CTB  pentamers  to  form 
heterohexameric  cholera  subunit  complexes  in  plants  capable  of  targeting  to  the  GALT.  Vector 
#3  contains  cDNAs  encoding  rotavirus  capsid  proteins  VP2  and  VP6,  for  detection  of 
multicomponent  capsid  protein  gene  expression  and  VLP  assembly  in  plants.  Vectors  #4  and 
#5  contain  cDNAs  encoding  single  rotavirus  capsid  proteins  VP6  and  VP2  for  electron 
microscopic  study  of  rotavirus  capsid  protein  assembly  into  VLP  structures. 

#  -  P  =  potato;  T  =  tomato 

ip  -  in  progress 

B.  Progress  Toward  Completion  of  Phase  Three  and  Phase  Four  Objectives 
1.  Plant  Expression  Vector  1:  pPCV701-CFA/I-CTB-NSP4  (J.Y.) 

The  multicomponent  vaccine  plant  expression  vector  RB — (KDEL)-CTA2  -CFA/I- 
leader  <  -  ?i-mas-P2  ->leader-CTB  -NSP4-(SEKDEL)~- LB,  is  based  on  our  cholera  toxin 
heterohexamer  approach  to  plant-based  mucosal  immunization,  and  is  designed  to  express 


three  individual  antigen  proteins  from  three  different  enteric  pathogens.  In  this  vector,  the 
CTB  subunit  gene  is  fused  to  the  rotavirus  enterotoxin  (NSP4)  gene  22  amino  acid  epitope  and 
the  ETEC  fimbrial  antigen  CFA/I  gene  is  fused  to  the  5'  end  of  the  cholera  CTA2  gene.  In 
the  first  quarter  report,  we  determined  through  immunoblot  experiments  that  transformed 
5  potato  plants  containing  this  construct  synthesize  the  CTB-NSP4  fusion  protein  at  levels  of 
0.01%  of  total  soluble  protein  (TSP).  In  contrast,  ELISA  experiments  suggested  that  the 
CFA/I  protein  was  present  at  ten  fold  lower  levels(  0.001  %  TSP).  Anti-CFA/I  antibodies 
obtained  from  Dr.  Myron  Levine,  NIH  Vaccine  Institute,  Baltimore,  MD,  were  generated 
against  the  entire  fimbria  rather  than  the  portion  which  binds  to  enterocytes.  Thus  their 
10  sensitivity  for  detection  of  the  CFA/I  subunit  was  found  to  be  inadequate  to  detect  the  amounts 
of  CFA/I  synthesized  in  the  plant. 

As  an  alternative,  we  decided  to  use  the  GM1  ganglioside  binding  sandwich  ELISA 
assay  method  for  detection  of  CFA/I-CTA2  fusion  protein-CTB  hexamer  aggregates.  We 
found  that  we  were  only  able  to  detect  0.001%  TSP  in  transformed  plant  homogenates.  This 
15  level  of  CFA/I-CTA2  fusion  protein  which  binds  to  CTB  pentamers  may  be  only  a  fraction  of 
the  CFA/I  protein  synthesized  in  the  cell  (underscored  by  the  substantial  CFA/I  mRNA  signal 
detected  in  transformed  plant  cells  by  RT-PCR  hybridization  methods)  and  may  account  for  the 
more  than  10  fold  reduction  expected  in  antigen  detection. 

To  circumvent  the  problem  of  lack  of  CFA/I  antibody  binding  specificity,  and  to  more 
20  accurately  determine  the  level  of  CFA/I  protein  produced  in  transformed  potato  tuber  tissues, 
we  are  generating  our  own  antibodies  to  the  peptide  sequence  of  the  CFA/I  cell  attachment  site 
as  well  as  against  CFA/I  fimbrial  protein  subunit  monomers  generated  by  heating  intact  CFA/I 
fimbria.  Dr.  Levine’s  laboratory  is  in  the  process  of  generating  more  intact  CFA/I  fimbria  for 
us  for  the  rabbit  immunization  experiments.  Within  the  next  three  months,  we  expect  to  have 
25  specific  anti-CFA/I  antibodies  which  can  provide  us  with  a  more  sensitive  indication  of  the 
amount  of  CFA/I  protein  synthesized  in  transformed  tuber  tissues  and  whether  the  CFA/I- 
CTA2  fusion  protein  is  linked  to  the  CTB  pentamer  in  the  plant.  If  increased  antibody 
specificity  for  the  CFA/I  protein  does  not  permit  unequivocal  detection  of  heterohexamer 
formation  in  the  plant  cells,  we  will  attempt  to  increase  the  level  of  CFA/I  protein  synthesized 
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in  the  plant  by  expressing  the  CFA/I  cDNA  fragment  from  the  mas  P2  promoter  and  the 
enhanced  CaMV  35S  promoter  as  part  of  a  request  for  an  additional  year  of  NMTB  contract 
support. 

An  alternative  possibility  for  our  inability  to  detect  significant  plant  synthesized  CFA/I 
5  protein  in  the  GM1  ganglioside  ELISA  experiments  may  be  that  the  CTA  subunit  does  not 

associate  to  a  significant  extent  with  the  CTB  pentamer.  To  explore  this  possibility  further,  a 
multicomponent  vaccine  expression  vector  pPCV701-CTA-CTB  was  constructed  by  D.C. 

This  vector  was  recently  introduced  into  potato  cells  and  transgenic  plants  regenerated. 
Preliminary  immunoblot  experiments  with  transformed  potato  tuber  tissues  suggest  that  the 
10  CTA  and  CTB  gene  products  are  both  synthesized  in  the  transformed  tuber  cells  and  that  the 
two  subunits  associate  in  plant  tissues  to  form  the  heterohexamer  holotoxin  conformation. 

While  CTB  protein  was  easily  detected  in  the  transformed  tuber  tissues,  anti-CTA  polyclonal 
antibodies  obtained  from  several  sources,  (R.  Finkelstein  -  Univ.  of  Missouri,  and  John 
Mekalanos  -  Harvard  School  of  Medicine),  cross  reacted  to  different  extents  with  the  CTB 
15  subunit  protein.  Thus,  while  the  molecular  size  of  the  putative  CT  detected  in  transformed 
potato  tissues  is  approximately  correct  for  the  holotoxin,  at  present  it  is  impossible  to 
unambiguously  identify  the  CTA  subunit  linked  with  the  CTB  pentamer  in  transformed  tuber 
tissues.  During  the  last  week  in  December,  in  agreement  with  our  University,  we  signed  a 
Material  Transfer  Agreement  with  the  University  of  Colorado,  to  obtain  monoclonal  antibodies 
20  specific  for  the  CTA  subunit  from  the  laboratory  of  Dr.  Randall  Holmes,  University  of 

Colorado.  Based  on  the  specificity  of  the  monoclonal  antibodies  specific  for  the  CTA  subunit, 
we  hope  to  resolve  the  problem  of  CTA  protein  detection  within  the  plant  synthesized 
holotoxin  in  transformed  potato  tissues  before  the  end  of  the  third  quarter. 

In  the  third  quarter,  we  will  initiate  a  Phase  3  oral  immunization  experiment  to 
25  determine  whether  significant  levels  of  anti  CFA/I,  CTB  and  NSP4  protein  IgG  can  be 

detected  in  immunized  mice.  Generation  of  a  significant  antibody  response  to  the  CFA/I,  CTB 
and  NSP4  antigens  will  provide  the  basis  for  Phase  4  protective  efficacy  studies.  To 
accomplish  these  studies,  Caco-2  enterocyte  cell  cultures  available  in  our  laboratory  will  be 
used  to  test  the  reduction  of  ETEC  binding  after  incubation  in  the  serum  of  CFA/I  immunized 
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animals.  Based  on  earlier  studies  (Arakawa  et.al.,  1998),  the  detection  of  anti-CTB  antibodies 
in  immunized  mice  will  confirm  protection  against  cholera  infection.  Finally,  detection  of  anti- 
NSP4  antibodies  in  the  serum  or  intestinal  contents  of  immunized  mice  will  permit  us  to  carry 
out  mouse  immunization  experiments  with  Dr.  Greenberg  or  Dr.  Mary  Estes,  to  demonstrate 
5  plant-based  vaccine  protection  against  rotavirus  infection  in  mice. 

Although  we  have  not  yet  demonstrated  protective  efficacy  of  any  of  our  plant-based 
vaccine  constructs,  to  fulfill  the  goal  of  tomato  transformation  with  the  plant  based  vaccine, 
during  the  second  quarter,  D.C.  initiated  transformation  experiments  with  multicomponent 
vaccine  vector  #\  in  Ly cope rsicon  esculentum  var.  Tiny  Tim  tomato  plants.  In  contrast  to 
10  potato,  tomato  has  several  major  advantages  over  potato  for  the  expression  of  vaccine 
antigens:  1).  fruit  ripening  does  not  require  exogenous  auxin  treatment  for  maximum 
activation  of  the  mas  dual  promoters  and  2).  the  fruit  does  not  require  cooking  prior  to 
consumption.  Putative  transformed  shoots  present  on  transformed  leaf  callus  tissues  will  during 
the  course  of  the  third  quarter  be  transferred  to  rooting  medium  to  regenerate  intact  plants.  In 
15  the  fourth  quarter,  the  amounts  of  CFA/I,  CTB  and  NSP4  protein  synthesized  in  the 
transformed  tomato  leaf  and  fruit  tissues  will  be  determined  by  immunoblot  and  ELISA 
methods.  Due  to  the  time  required  to  regenerate  transformed  plants,  we  will  not  be  able  to  test 
the  immunogenic  nature  of  the  transformed  tomato  fruit  tissues  in  mice  before  the  end  of  the 
fourth  quarter,  July,  2000.  However,  if  the  tomato  tissues  produce  significant  amounts  of  the 
"  20  antigen  proteins,  further  analysis  of  the  immunogenicity  and  protective  efficacy  of 

transformed  tomato  tissues  could  be  explored  if  given  the  opportunity  of  a  third  year  of  NMTB 
funding. 

2.  Vaccine  Expression  Vector  2:  pPCV701-VP6-CTB-NSP4  (D  C.) 

Plant  expression  vector  RB— (KDEL)-CTA2  -VP6-leader  <  -  Prmas-P2  -  >  leader-CTB- 
25  NSP4114 '  i35-(SEKDEL)~LB  was  constructed  to  generate  a  hexameric  subunit  cholera  toxin 

capable  of  delivery  of  the  rotavirus  capsid  protein  VP6  and  CTB-NSP4  antigens  to  the  GALT. 
As  previously  reported,  transformed  plants  regenerated  earlier  were  destroyed  in  FY97-98,  by 
growth  room  temperature  regulation  malfunction.  To  regain  these  transformed  plants,  we 
attempted  to  transform  potato  explants  several  times.  However,  due  to  apparent  contamination 
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of  our  Agrobacterium  stock  with  claforan  resistant  bacterial  mutants,  transformed  plants  have 
not  yet  been  obtained. 

Experiments  for  re-selection  of  claforan  sensitive  Agrobacterium  transformants  are  in 
process.  If  contamination  of  our  Agrobacterium  stock  turns  out  to  be  the  reason  for  our  failure 
5  to  produce  transformed  plants,  potato  transformation  experiments  may  be  completed  before  the 
end  of  the  third  quarter.  Selection  and  regeneration  of  transgenic  plantlets  containing  this 
multicomponent  vaccine  vector  could  be  accomplished  by  the  end  of  the  fourth  quarter.  At  this 
time,  we  will  collect  tubers  for  the  possibility  of  analysis  of  the  second  multicomponent 
vaccine  in  a  possible  third  year  of  NMTB  support. 

10  If  however,  contamination  is  not  the  sole  problem  with  the  abortive  transformation 

experiments,  we  will  terminate  further  transformation  experiments  until  we  are  able  to  resolve 
the  problem  by  alternative  means.  As  the  VP6-CTB-NSP4  vector  represents  a  second 
multicomponent  vaccine,  and  is  not  essential  to  the  proof  of  concept,  we  will  concentrate  the 
remainder  of  our  efforts  on  Phase  3  and  4  assessment  of  antigenicity  and  vaccine  protective 

15  efficacy  of  the  CFA/I-CTB-NSP4  and  VP2-VP6  vaccines. 

Transformation  experiments  with  tomato  plants  Lycopersicon  esculentum  var.  Tiny 
Tim,  with  the  multicomponent  vaccine  vector  containing  the  VP6  and  CTB-NSP4  antigen 
genes  are  currently  in  progress  (D.C.).  Putative  transformed  shoots  have  regenerated  on  the 
transformed  callus  and  will  soon  be  transferred  to  rooting  medium  to  regenerate  plantlets 
"  20  during  the  course  of  the  third  quarter.  In  the  last  quarter  of  our  NMTB  contract,  the 
transformed  tomato  plants  will  be  grown  to  maturity  and  tomato  fruit  harvested.  The 
transformed  tomato  tissues  will  be  freeze  dried  and  stored  at  freezer  temperatures  for  later 
(possible  third  year)  quantification  of  VP6,  CTB  and  NSP4  proteins  antigens  by  immunoblot 
and  ELISA  methods. 

25  3.  Vaccine  Expression  Vector  3:  pPCV701-VP6,VP2  (D.C.) 

To  generate  an  effective  multivalent  vaccine  for  mammalian  rotaviruses,  plant 
expression  vector  RB~ VP6<—  P,-tfia,y-P2->  VP2--LB,  was  constructed  and  introduced  into 
potato  leaf  tissues  and  potato  plants  regenerated.  The  amounts  of  VP6  and  VP2  proteins 
contained  within  leaf  tissues  were  quantified  by  immunoblot  and  ELISA  methods.  The  amount 
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of  VP2  protein  detected  in  the  transformed  plant  tissues  is  approximately  0.001%  TSP  while 
the  amounts  of  VP6  protein  are  in  the  range  of  0.01%  TSP.  Capsid  protein  expression  levels 
have  not  yet  been  measured  in  tuber  tissues.  Transformed  tubers  are  being  grown  under  sterile 
conditions  over  the  next  three  months  to  obtain  sufficient  transformed  tuber  tissues  to  permit 
5  initiation  of  oral  immunization  experiments  in  the  fourth  quarter  to  determine  whether  the 

transformed  tuber  tissues  can  generate  serum  and  mucosal  immune  responses  against  VP6  and 
VP2  in  CD-I  mice. 

Previous  Norwalk  virus  capsid  protein  biosynthesis  studies  using  a  baculovirus  capsid 
protein  biosynthesis  system,  have  demonstrated  that  the  empty  capsids  termed  virus  like 
10  particles  (VLP’s),  contain  conformational  epitopes  which  generate  a  significantly  stronger 
immune  response  in  comparison  with  linear  capsid  protein  epitopes.  Transformed  potato 
tissues  synthesizing  VP6  and  VP2  detected  by  immunoblot  experiments  are  being  vegetatively 
propagated  prior  to  attempts  at  multicapsid  VLP  visualization  by  electron  microscopic  staining 
methods.  We  will  attempt  E.M  visualization  of  VLP’s  during  the  third  and  fourth  quarters  to 
15  provide  the  first  opportunity  for  detection  of  coordinated  assembly  of  multicapsid  (VP2/ 
VP6),VLPs  in  plant  tissues. 

4.  Vaccine  Expression  Vector  4:  pPCV701-VP6  (J.Y.) 

This  plant  expression  vector  RB —  <  —  Prmas-P2- >  VP6 — LB,  contains  the  murine 
rotavirus  capsid  protein  VP6  and  was  constructed  to  test  the  ability  of  transformed  potato  cells 
'  20  to  synthesize  and  assemble  rotavirus  capsid  protein.  The  VP6  protein  has  been  identified  in 
transformed  plants  by  immunoblot  assay  using  anti-VP6  antibodies  obtained  from  Dr.  Mary 
Estes.  Levels  of  VP6  protein  have  been  determined  by  ELISA  to  be  in  the  range  of  0.01  % 
total  soluble  protein.  Preliminary  electron  microscopic  studies  of  VP6  protein  assembly  into 
virus  like  particles  (VLP’s)  in  transformed  potato  tubers  and  leaves  have  been  initiated  to 
25  detect  rotavirus  capsid  protein  self-assembly  in  the  tissues  of  transformed  potato  plants. 

Phosphotungstic  acid  stained  E.M.  grids  containing  VP6  transformed  tuber  extracts  were 
subjected  to  transmission  electron  microscopy.  In  the  first  preliminary  experiment,  tubular 
structures  resembling  polymerized  capsid  proteins  observed  by  other  investigators  were 
detected  in  the  transformed  cell  extracts  however,  no  VLPs  were  observed  in  these 
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preparations.  Experiments  will  be  conducted  in  the  third'  and  fourth  quarters  to  concentrate  the 
extracts  of  auxin  stimulated  potato  tissues  to  improve  the  possibilities  for  detection  of  VLP 
structures. 

Based  on  the  presence  of  significant  amounts  of  VP6  protein  (seen  on  western  blots), 

5  and  tubular  virus  protein-like  structures  in  the  transformed  tuber  tissues,  oral  immunization 
experiments  were  initiated  in  CD-I  mice  late  in  the  second  quarter  to  determine  the  level  of 
anti-VP6,  IgG  and  IgA  generated  in  the  transformed  cells.  After  three  feedings  of  VP6 
protein  containing  tuber  tissues,  ELISA  measurements  detected  the  presence  of  anti-VP6 
antibodies  in  the  serum  but  not  in  the  intestinal  contents  (fecal  pellets),  of  the  orally 
10  immunized  mice.  The  oral  immunizations  will  be  continued  through  5  feedings  to  generate  the 
highest  titer  of  anti-VP6  antibodies  which  can  be  detected  prior  to  sacrifice  of  the  animals  for 
final  collection  of  serum  for  end  point  titration  experiments. 

In  these  immunogenicity  experiments,  no  estimation  of  the  contribution  of  cytotoxic 
lymphocytes  to  the  immune  response  has  been  considered.  Therefore,  if  time  permits,  spleen 
15  tissues  will  be  excised  from  the  immunized  mice,  the  cells  dissociated  from  the  tissues  and 
subjected  to  fluorescent  cell  counting  of  CD8+  and  CD4+  lymphocytes  to  determine  the 
relative  distribution  of  the  immune  response  between  T  helper  and  cytotoxic  cell  lymphocytes 
(CTL)  in  the  immunized  animals.  This  data  will  provide  information  on  the  likelihood  of 
successful  protection  against  rotavirus  attack.  Finally,  protective  efficacy  (virus  shed 
'20  reduction)  experiments  will  be  performed  in  the  fourth  quarter  on  orally  immunized  animals  to 
provide  further  information  on  the  amount  of  rotavirus  protein  which  must  be  synthesized  in 
the  plant  to  obtain  detectable  protection  against  rotavirus  infection.  Detection  of  IgA  and  IgG 
will  provide  an  indication  of  T  helper  cell  stimulation  of  antibody  formation. 

5.  Vaccine  Expression  Vector  5:  pPCV701-VP2  (D.C.) 

25  The  plant  expression  vector  RB —  <  ~Prmas-P2-  >  VP2 — LB  carries  the  core 

rotavrius  capsid  protein  VP2.  This  vector  was  used  to  transform  potato  leaf  explants. 
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WHAT  IS  CLAIMED  IS: 

1.  A  method  for  the  production  of  a  cholera  toxin  B  subunit-rotavirus  NSP4 
enterotoxin  fusion  protein  in  a  plant  as  disclosed  herein. 
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ABSTRACT  ’ 


A  fusion  gene  encoding  the  cholera  toxin  B  subunit  (CTB)  linked  to  the  22  amino  acid 
neutralizing  epitope  (114-135)  of  the  human  rotavirus  enterotoxin  protein  (NSP4)  was  inserted 
adjacent  to  the  bi-directional  mannopine  synthase  (mas)  P2  promoter  in  a  plant  expression  vector 
5  which  contains  a  LuxF  reporter  gene  ( a  bacterial  luciferase  AB  subunit  fusion  gemfabl)  linked 
to  the  mas  P,  promoter.  The  CTB  leader  peptide  encoding  sequence  was  retained  and  an 
oligonucleotide  sequence  encoding  a  microsomal  retention  signal  (SEKDEL)  was  added  to  the  3' 
end  of  the  fusion  gene  to  permit  accumulation  and  pentamerization  of  the  fusion  gene  product 
within  the  plant  endoplasmic  reticulum  (ER).  To  permit  flexibility  between  the  CTB  and  NSP4 
10  protein  moieties,  a  CNA  sequence  encoding  a  tetrapeptide  hinge  was  inserted  between  the  CTB 
and  NSP4  DNA  sequences.  Potato  plants  carrying  the  plant  expression  vector  were  generated  by 
Agrobacterium  tumefaciens  mediated  in  vivo  plant  transformation .  Immunoblot  analysis  of  tuber 
tissues  proteins  from  the  transformed  potato  indicated  that  the  molecular  size  of  the  CTB-NSP4 
fusion  protein  was  the  predominant  molecular  species.  The  CTB-NSP4  fusion  protein  retained 
15  specific  binding  affinity  for  GMi  ganglioside,  a  cell  surface  receptor  for  CTB  protein,  and  was 
synthesized  in  amounts  up  to  0. 1  %  of  total  soluble  potato  protein.  Pentameric  CTB  molecules 
linked  to  antigens  synthesized  in  food  plants  may  provide  edible  subunit  mucosal  vaccines  for 
protection  against  infectious  diseases. 
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Abstract 

DNA  fragments  encoding  the  cholera  toxin  (CTX)  A  subunit  (CTA)  and  B  subunit  (CTB) 
were  transferred  into  Solatium  tuberosum  leaf  cells  under  control  of  the  bi-directional  mannopine 
synthasePlP2  promoters  by  Agrobacterium  tumefaciens-mediated  leaf  disc  transformation  methods. 
The  presence  of  both  CTA  and  CTB  genes  in  the  transformed  plant  genome  was  confirmed  by  PCR 
methods.  Recombinant  CTA  and  CTB  proteins  were  detected  in  transformed  tuber  tissue  extracts 
by  immunoblot  analysis.  Plant  synthesized  CTA  migrated  on  SDS-PAGE  gels  identically  to  purified 
bacterial  CTA.  In  contrast  to  bacterial  CTA,  plant  synthesized  CTA  was  resistant  to  thiol-reduction. 
The  oligomeric  form  of  recombinant  CTB  was  detected  on  SDS-PAGE  gels  by  immunoblotting.  A 
large  protein  band  with  a  molecular  mass  (MW  ~  80  kDa)  equivalent  to  the  sum  of  CTA  and 
pentameric  CTB  molecules  was  detected  in  transformed  plant  tuber  extracts  by  both  anti-CTX  and 
anti-CTA  antibodies.  In  contrast  to  bacterial  CTX,  this  protein  complex  was  relatively  stable  in  the 
presence  of  SDS.  Similar  to  bacterial  CTX,  the  80  kDa  oligomeric  protein  was  not  detected  in  the 
presence  of  fi-mercaptoethanol.  Taken  together  the  estimated  molecular  mass  of  the  ologomeric 
protein,  the  strong  immunological  reaction  with  both  CTA  and  CTB  specific  antibodies,  and 
disassociation  of  the  ologomer  in  the  presence  of  reducing  agents  strongly  indicate  that  the  80  kDa 
protein  synthesized  in  transformed  potato  cells  is  homologous  to  cholera  holotoxin. 

Introduction 

The  diarrhea  causing  cholera  holotoxin  (CTX)  secreted  by  Vibrio  cholerae  is  an  extremely 
potent  immunogen  when  administered  orally.  Further  studies  have  demonstrated  that  CTX  acts  as 
a  strong  immunological  adjuvant  for  co-administered  antigens  (Czerkinsky  et  al.,  1999;  Holmgren, 
et  al.,  1993).  Based  on  its  strong  adjuvant  effect,  CTX  has  been  used  in  mucosal  vaccines  against 
a  variety  of  infectious  agents  (Williams  etal.,  1999).  However,  the  toxicity  of  CTX  has  until  recently 
prevented  its  use  for  human  vaccination. 

To  overcome  this  problem,  recent  work  has  focused  on  separating  CTX  toxicity  from 
adjuvant  activity  (Holmgren  et  al,  1993).  Cholera  holotoxin  is  composed  of  a  single  A  (CTA) 
subunit  and  five  identical  B  (CTB)  subunits.  A  single  CTA  subunit  is  located  in  the  center  of  a 
doughnut-shaped  pentameric  ring  formed  by  five  identical  CTB  subunits.  The  CTA  subunit  can  be 
readily  nicked  by  exogenous  proteases  to  yield  two  fragments,  a  globular  toxic  molecule  CTA]  (MW 
~  21  kD)  and  a  helical  stalk  peptide  CTA2  (MW  ~  7  kD),  linked  via  a  single  disulphide  bond 
(Rappuoli  et  al. ,  1 999).  A  variety  of  mucosal  vaccines  have  been  generated  by  chemical  conjugation 
or  genetic  fusion  of  protein  antigens  to  the  CTB  subunit.  These  recombinant  vaccines  have  proven 
to  be  effective  in  eliciting  secretary  IgA  antibodies,  which  provide  protection  at  mucosal  surfaces 
by  interfering  with  microbial  adherence  and  colonization  or  invasion  of  intestinal  epithelial  cells 
(Dertzbaugh  and  Macrina,  1989;  Dertzbaugh  et  al.,  1990).  Based  onCTA2  subunit  insertion  into  the 
CTB  pentamer  ring  structure  to  form  a  non-covalent  association  of  CTA,  with  CTB,  Hajishengallis 
and  his  colleagues  were  able  to  construct  an  effective  vaccine  against  Streptococcus  mutants  by 
genetically  fusing  a  streptococcal  protein  antigen  to  the  n-terminus  CTA2  subunit  (Hajishengallis 
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et  al.,  1995).  This  result  demonstrated  for  the  first  time  that  protein  antigens  could  be  genetically 
fused  to  the  N-terminal  of  CTA2  to  form  chimerical  molecules  with  CTB  to  create  novel  toxoid 
immunogens  capable  of  inducing  a  mucosal  immune  response. 

During  the  last  decade,  genetically  engineered  plants  have  been  used  for  production  of 
protein  antigens  for  use  as  edible  vaccines  for  a  variety  of  human  diseases,  such  as  Hepatitis  B 
surface  antigen  (Mason  et  al.,  1992;  Thanavala  et  al.,  1995),  heat  labile  enterotoxic  E.  coli.  toxin  B 
subunit  (Haq  et  al.,  1995;  Tacket  et  al.,  1998),  rabies  virus  glycoprotein  (McGarvey  et  al.,  1995; 
Modelska  et  al. ,  1 998)  and  Norwalk  virus  capsid  protein  (Mason  et  al. ,  1 996).  In  our  laboratory,  we 
were  able  to  synthesize  the  non-toxic  CTB  subunit  in  potato  plants  (Arakawa  et  al.,  1 997).  The  plant 
CTB  subunits  formed  oligomers  of  pentameric  size  that  were  biochemically  and  immunologically 
similar  to  bacterial  CTB.  The  plant  synthesized  CTB  subunits  also  induced  serum  and  intestinal 
CTB-specific  antibodies  in  orally  immunized  mice  (Arakawa  et  al.,  1998).  Following  intraileal 
injection  with  bacterial  CTX,  the  plant-immunized  mice  showed  approximately  a  60%  reduction  in 
diarrheal  fluid  accumulation  in  the  small  intestine. 

To  take  advantage  of  the  adjuvant  effects  of  the  CTA  subunit  and  the  multicomponent 
vaccine  construction  dependent  on  genetic  coupling  of  antigens  to  the  CTA2  subunit,  both  cholera 
CTA  and  CTB  subunits  must  be  synthesized  in  the  same  plant  to  ensure  the  opportunity  for 
holotoxin  assembly.  Previous  experiments  have  demonstrated  that  CTA  and  CTB  can  be 
synthesized  in  separate  plants  (Hein  et  al.,  1996).  Through  sexual  crossing  experiments,  a  certain 
percentage  of  FI  progeny  might  be  expected  to  synthesize  both  CTA  and  CTB  in  the  same  plant 
leading  to  holotoxin  assembly.  However,  progeny  demonstrating  synthesis  of  both  subunits  and 
assembly  of  the  holotoxin  in  the  same  plant  have  not  been  yet  reported.  In  the  following 
experiments,  we  have  used  the  mannopine  synthase  (mas)  dual  promoters  (P1P2),  to  express  both 
CTA  and  CTB  subunits  in  the  same  potato  plant.  Further,  we  report  for  the  first  time  successful 
assembly  of  the  CTA  and  CTB  subunits  into  a  CTX  holotoxin  like  molecule. 

Materials  and  Methods 

Construction  of  plant  expression  vector  pPCV701CTAB  encoding  CTA  and  CTB 
subunits.DNA  fragments  encoding  CTA  and  CTB  were  inserted  into  the  plant  expression  vector 
pPCV701  under  control  of  the  Agrobacterium  tumefaciens  mannopine  synthase  (mas)  P1P2  dual 
promoters.  A  DNA  fragment  encoding  the  CTA  gene  was  amplified  by  the  polymerase  chain 
reaction  method  from  the  plasmid  pRT42  kindly  provided  to  us  by  Dr.  John  Mekalanos,  Harvard 
Medical  School.  The  793  bp  CTA  fragment  was  amplified  using  primer  CTA-SAL5 :  (5  ’-  CDC  CDA 
ACC  ATG  GTA  AAG  ATA  TTT-3’)  and  CTA-SAL3:  (5’-  CGC  CGT  GAC  TCA  TAA  TTC  ATC 
CTT  AAT  TCT-3’).  A  Sal  I  restriction  enzyme  site  was  incorporated  into  both  primers  for 
simplification  of  cloning.  The  CTA  fragment  was  inserted  into  the  Sal  I  site  downstream  of  the  mas 
PI  promoter  in  vector  pPCV701FM4-CTB:SEKDEL  replacing  the  bacterial  luciferase  fusion  gene 
(Arakawa  et  al.,  1997).  A  DNA  fragment  containing  the  CTB  gene  was  excised  from  plasmid 
pPCV701FM4CTB  (Arakawa  et  al.,  1997),  and  inserted  immediately  downstream  of  the  mas  P2 
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promoter  in  plasmid  pPCV701.  DNA  sequences  encoding  a  flexible  glycine  -  proline  hinge 
tetrapeptide  (GPGP)  and  a  microsomal  retention  signal  (SEKDEL)  were  fused  sequentially  at  the 
3’-end  of  the  CTB  gene  (Arakawa  et  al.,  1997).  The  resultant  plasmid  was  named  pPCV701CTAB 
(Figure  1).  Plant  expression  vector  pPCV701CTAB  also  contains  the  p-lactamase  gene  conferring 
ampicillin  resistance  in  E.  coli  and  carbenicillin  resistance  in  A.  tumefaciens.  In  addition,  the 
neomycin  phosphotransferase  II  gene  (NPT  II)  linked  to  the  nopaline  synthase  (NOS)  promoter 
provides  antibiotic  selection  for  transformed  plant  cells. 

Plant  transformation.  In  vivo  mediated  plant  cell  transformation  with  Agrobacterium 
tumefaciens  was  performed  as  described  by  Chong  et  al.  (1997).  Sterile  leaf  explants  ofS.  tuberosum 
cv.  Bintje  were  infected  by  A.  tumefaciens  strain  GV3010  MP90RK  harboring  plasmid 
pPCV701CTAB.  Plant  cell  transformation  was  carried  out  by  incubating  leaf  explants  in 
approximately  1  x  109  Agrobacterium  tumefaciens  cells  in  log  stage  of  growth  per  ml  of  Murashige 
and  Skoog  (MS)  medium  for  10  minutes  at  room  temperature.  The  explants  were  transferred  onto 
solid  MS  medium  containing  naphthalene  acetic  acid  (NAA,  1  mg/L)  and  0.2  %  gelrite  for  2  to  3 
days  to  achieve  T-DNA  transfer  into  the  plant  genome.  The  leaf  explants  were  then  placed  on  callus 
growth  medium  containing  plant  growth  hormones  and  antibiotics,  (0.1  mg/L  NAA  and  1.0  mg/L 
trans  zeatin,  50  mg/L  kanamycin  and  300  mg/L  claforan).  The  explants  were  incubated  in  a  light 
room  at  27  °C  with  an  illumination  intensity  of  approximately  12  mE  and  a  12  h  photoperiod  for  2-3 
weeks  to  generate  callus  tissue.  Leaf  explants  containing  friable  callus  tissues  were  transferred  to 
callus  growth  medium  minus  NAA  for  an  additional  2-3  weeks  to  facilitate  shoot  regeneration. 
Regenerated  shoots  were  rooted  in  the  callus  medium  without  plant  growth  hormones.  Roots 
regenerated  from  the  shoots  after  2-3  weeks  incubation  and  the  small  plantlets  were  transferred  to 
polycarbonate  “Magenta”  boxes  for  tuberization,  or  alternatively  to  sterile  soil  for  growth  to  maturity 
in  the  greenhouse  (3  mo). 

Detection  of  the  CTA  and  CTB  genes  in  transformed  plant  genome.  The  CTA  and  CTB 
genes  were  detected  in  the  genomic  DNA  of  the  putative  transgenic  plants  using  a  polymerase  chain 
reaction  method  with  sets  of  primers  flanking  each  gene  as  described  by  Chong  et  al.  (1997).  The 
DNA  primers  were  designed  to  amplify  DNA  inserts  placed  under  the  control  of  the  mas  PI  and  P2 
promoters.  The  5’  forward  primers  are  located  upstream  of  the  mas  P2  promoter  for  amplification 
of  the  CTB  gene  and  upstream  of  the  mas  PI  promoter  for  amplification  of  the  CTA  gene.  The  3’ 
reverse  primers  are  located  within  the  polyadenylation  region  of  the  TL  DNA  gene  7  sequence  poly 
A  site  (g7pA)  for  amplification  of  the  CTB  gene  and  the  octopine  synthase  gene  polyadenylation 
signal  (OcspA)  for  amplification  of  the  CTA  gene  (Figure  1).  Plant  genomic  DNA  was  isolated  from 
both  leaf  and  tuber  tissues  of  transgenic  potato  plants  using  a  plant  DNA  isolation  kit  (Boehringer- 
Mannheim  Cat  #  1667-319). 

Immunoblot  detection  of  CTA  and  CTB  protein  in  transformed  potato  tissue.  Prior  to 
analysis,  microtuber  tissue  slices  from  transgenic  potato  plants  were  wounded  by  cutting  into 
approximately  2  mm  thick  sections  with  a  sterile  razor  blade.  The  tuber  sections  were  incubated  for 
3  days  on  solid  culture  medium  containing  3  mg/L  NAA  and  5  mg/L  2,4-D  to  activate  the  mas 
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promoters.  Total  soluble  protein  was  extracted  from  transformed  potato  tuber  tissues  by 
homogenization  with  a  mortar  and  pestle  on  ice  at  4  °C  in  an  extraction  buffer  containing  50  mM 
Tris-HCl  (pH  7.5),  2  mM  EDTA,  0.5  mM  EGTA,  1  mM  PMSF  and  1%  Triton  X-100.  The 
homogenates  were  centrifuged  in  a  Beckman  GS-15R  tabletop  centrifuge  at  14,000  rpm  for  10  min 
at  4  °C.  The  soluble  protein  concentration  in  the  homogenate  supernatant  was  determined  (Bradford, 
1976).  Samples  containing  approximately  100  pg  total  tuber  protein  were  boiled  for  5  min  and 
loaded  into  the  wells  of  a  10%  polyacrylamide  gel.  The  protein  bands  were  separated  by 
polyacrylamide  gel  electrophoresis, (voltage,  time?)  and  transferred  onto  a  nitrocellulose  membrane 
by  electroblotting  (voltage,  time?)  with  a  semi-dry  blotter  (Labconco  Inc.).  The  damp  membrane 
was  blocked  with  1%  BSA  and  20%  fetal  calf  serum  in  TBST  buffer  (10  mM  Tris-HCl  pH  8.0, 150 
mM  NaCl  and  0.05%  Tween  20)  for  at  least  1  hour  at  room  temperature.  The  blocked  membrane  was 
incubated  for  3  horns  to  overnight  in  TBST  solution  containing  a  1:1000  dilution  of  either 
commercially  available  rabbit  anti-Cholera  holotoxin  antibody  (Sigma)  or  a  goat  anti-CTA 
polyclonal  antibody  provided  by  provided  by  Dr.  Richard  A.  Finkelstein,  University  of  Missouri. 
The  anti-cholera  primary  antibody/recombinant  Cholera  protein  antigen  complex  was  reacted  with 
a  secondary  antibody  by  incubating  the  membrane  in  a  1 :3000  TBST  dilution  of  an  anti-rabbit  or 
anti-goat  IgG  alkaline  phosphatase  conjugate  (BioRad  Inc).  The  recombinant  protein  was  visualized 
by  a  colorimetric  reaction  in  which  the  membrane  was  incubated  in  aBCIP/NBT  (5-bromo-4-chloro- 
3indolyl  phosphate/nitro  blue  tetrazolium)  substrate  solution  for  1 0-30  min  at  room  temperature  prior 
to  photography  of  the  purple  reaction  product. 


Results  and  Discussion 

Detection  of  CTA  and  CTB  genes  in  transgenic  potato  plants.  After  transformation 
of  potato  leaf  explants  with  expression  vector  pPCV701CTAB,  three  independent  kanamycin- 
resistant  plants  were  regenerated  although  more  shoots  were  generated  from  callus  tissue.  The 
presence  of  CTA  and  CTB  genes  in  the  genomic  DNA  isolated  from  all  three-regenerated  potato 
transformants  was  detected  by  PCR  amplification  of  inserts  with  5’  and  3*  flanking  primers.  The 
separation  pattern  of  the  PCR  products  amplified  from  the  transgenic  plant  genome  is  shown  in 
Figure  2.  The  expected  PCR  products  included  a  892  bp  DNA  fragment  for  the  CTA  gene  and  a  408 
bp  DNA  fragment  for  the  CTB  gene.  The  CTB  gene  fragment  was  amplified  from  a  transgenic  plant 
(Fig  2,  lane  3)  and  from  the  positive  control  vector  plasmid  DNA  (Fig  2,  lane  1).  No  DNA  band  was 
detected  in  untransformed  plant  genomic  DNA  lane  (Fig  2,  lane  2).  Similar  DNA  amplification  and 
separation  patterns  were  observed  for  CTA  gene  fragments  (Fig  2,  lane  5-7). 


Expression  of  cholera  toxin  genes  and  assembly  of  cholera  holotoxin  in  transgenic  plants. 
Both  CTA,  CTB  and  multimeric  CTA-CTB  structures  were  detected  in  transformed  tuber  extracts 
by  SDS  polyacrylamide  gel  electrophoresis  using  a  commercially  available  anti-CTX  rabbit 
polyclonal  antibody  (Sigma)  and  an  anti-CTA  goat  polyclonal  antibody  provided  by  Dr.  Richard  A. 
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Finkelstein,  University  of  Missouri.  Transgenic  plant  homogenates  contained  two  protein  bands  of 
a  molecular  mass  of  ~  80  kDa  and  ~55  kDa,  which  reacted  with  anti-CTX  rabbit  polyclonal 
antibody  on  SDS-PAGE  gels  under  non-reducing  (minus  b-mercaptoethanol)  conditions  (Figure  3  A, 
lane  5).  However,  when  the  anti-CTA  antibody  was  used,  an  extra  band  with  a  lower  molecular  mass 
of  ~  28  kDa  was  detected  (Figure  3B,  lane  5).  Cell  extracts  from  untransformed  potato  plants 
showed  no  immunologically  reactive  protein  bands  with  either  antibody  (lane  4  in  Figures  3A  and 
3B). 


Synthesis  of  the  CTA  protein  in  transgenic  tuber  tissues  was  demonstrated  by  immunoblot 
experiments  using  anti-CTA  goat  polyclonal  antibody.  In  addition  to  the  two  protein  bands  detected 
by  the  anti-CTX  antibody,  transformed  plants  contained  a  protein  band  of  approximately  28  kDa 
detected  by  SDS-PAGE  (Figure  3B,  lane  5).  This  band  migrated  with  a  mobility  identical  to  the 
CTA  band  detected  from  Vibrio  cholerae  (Figure  3B,  lane  1)  under  non-reducing  conditions.  The 
CTA  subunit  ofbacterial  cholera  toxin,  although  synthesized  as  a  single  polypeptide  chain,  is  usually 
‘nicked’  between  its  two-cysteine  residues  by  bacterial  protease(s)  (Holmgren,  1981).  Thus, when 
treated  with  thiol-reducing  agents  with  or  without  boiling,  the  CTA  peptide  chain  of  V.  cholerae 
CTX  splits  into  two  peptide  fragments  At  (MW  ~  21  kd),  and  A2  (MW~7  kd)  (Figure  3B,  lanes  2 
and  3).  In  this  experiment,  the  small  CTA2  fragment  runs  off  the  10%  SDS-PAGE  gel  dining 
electorphoresis.  However,  the  plant  synthesized  CTA  showed  no  evidence  of  further  processing  into 
CTA,  and  CTA2  peptides,  as  reduction  with  b-mercaptoethanol  did  not  result  in  an  altered  migration 
pattern  on  SDS-PAGE  gels  (Figure  3B,  lanes  6  and  7).  Resistance  of  CTA  to  thiol-reduction  was 
also  observed  when  the  CTA  gene  was  expressed  in  tobacco  plant  cells  (Hein  et  ai,  1996).  The 
observed  resistance  of  plant-synthesized  CT  A  peptide  to  thiol-reduction  might  be  due  to  the  absence 
ofbacterial  proteases  capable  of  nicking  the  CTA  single  polypeptide  chain.  In  1996,  Hein  and  his 
colleagues  found  that  heating  transgenic  plant  extracts  in  the  presence  of  p-mercaptoethanol  resulted 
in  a  significant  loss  of  both  plant  synthesized  and  exogenous,  added  CTA.  However,  upon  heating 
transformed  plant  homogenates  we  observed  no  significant  loss  of  CTA.  Boiling  transformed  plant 
homogenates  had  no  effect  on  the  separation  of  CTA  subunits  (Figure  3B,  lane  7).  Due  to  the 
relatively  low  level  of  tuber  cholera  toxin  protein  gene  expression,  plant  synthesized  CTA  was 
undetectable  with  less  sensitive  commercially  available  rabbit  polyclonal  anti-CTX  antibodies  (Fig. 
3A,lanes  5-7). 

Synthesis  of  CTB  and  formation  of  putative  pentameric  structures  was  confirmed  by  SDS- 
PAGE  with  both  anti-CTX  and  anti-CTA  antibodies.  Previously,  our  laboratory  demonstrated  that 
potato  plants  stably  transformed  with  the  CTB  gene  not  only  synthesized  CTB  protein  monomers 
but  also  assembled  them  into  a  multimeric  structure  capable  of  binding  GM!  ganglioside,  a 
characteristic  specific  to  CTB  pentamers  only  (Arakawa  et  al.,  1 997).  In  the  present  study,  the  same 
CTB  gene-containing  cassette  was  used  in  the  construction  of  pPCV701CTAB.  A  protein  band 
(Figure  3A,  lane  5)  with  a  molecular  mass  higher  than  the  bacterial  CTB  pentamer  (Figure  3A,  lane 
1 )  was  obtained.  This  band  was  equal  in  size  (~5  5  kDa)  to  our  previously  reported  plant  synthesized 
CTB  pentamer.  The  increased  molecular  mass  of  this  peptide  is  likely  due  to  the  presence  of  the 
hexapeptide  ER  retention  signal,  or  possibly  to  the  failure  of  plant  cells  to  remove  the  leader  peptide 
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during  processing  in  the  ER  (Arakawa  et  al.,  1997).  Similar  to  the  bacterial  CTB  pentamer  the  plant 
synthesized  CTB  pentamer  was  resistant  to  thiol-reduction  (Figure  3A,  lanes  2  and  6).  Boiling  for 
5  minutes  disassociated  the  multimeric  structure  of  both  bacterial  and  plant  CTB  pentamers  (Figure 
3  A,  lanes  3  and  7).  Heating  also  resulted  in  a  significant  loss  of  bacterial  CTB  monomer  both  in 
amount  and  in  immunological  reactivity,  as  the  anti-CTX  antibody  failed  to  detect  the  CTB 
monomer  from  either  boiled  bacterial  or  plant  samples  (Figure  3A,  lanes  3  and  7).  Heavy  loading 
(300  pg  per  lane),  combined  with  increased  antibody  concentration  (1 :500)  permitted  detection  of 
the  monomeric  form  of  CTB  from  boiled  transformed  tuber  extracts  (data  not  shown). 

Assembly  of  cholera  holotoxin-like  structures  in  transformed  plant  cells  was  indicated  by  the 
protein  band  separation  patterns  detected  on  immunoblots  with  both  anti-CTX  and  anti-CTA 
antibodies.  The  bacterial  cholera  holotoxin  structure  was  unstable  in  the  presence  of  SDS  and  did 
not  appear  on  SDS-PAGE  gels  detected  with  the  anti-CTX  antibody  (Figure  3  A,  lane  1).  However, 
in  addition  to  the  CTA  and  oligomeric  CTB  products,  transformed  potato  plant  homogenates  contain 
an  additional  large  protein  with  a  molecular  weight  above  80  kDa  which  is  equivalent  to  the  sum  of 
the  plant  synthesized  pentamer  and  the  CTA  peptide  (lane  5  in  Figures  3  A  and  B).  This  protein  was 
detected  by  SDS-PAGE  under  non-reducing  conditions  with  both  anti-CTX  and  anti-CTA 
antibodies.  Bacterial  CTX  separated  into  pentameric  CTB  and  CTA  components  upon  thiol- 
reduction  (Figure  3A,  lane  2).  Similarly,  when  transformed  tuber  homogenates  were  treated  with 
P-mercaptoethanol  prior  to  electrophoresis,  the  80  kDa  protein  was  no  longer  detectable  with  either 
anti-CTX  or  anti-CTA  antibodies  (lane  6  in  Figures  3A  and  3B).  Based  on  its  estimated  molecular 
weight,  its  thiol-reducing  capability,  and  its  strong  immunological  reaction  with  both  CTA  and  CTB 
specific  antibodies,  it  is  likely  that  the  80  kDa  protein  structure  represents  assembled  cholera 
holotoxin  in  transformed  plant  cells. 

The  demonstration  that  a  genetically  altered  CTX  holotoxin  including  a  foreign  antigen 
linked  to  the  CTA2  subunit  can  be  synthesized  and  assembled  in  E.  coli  (Hajishengallis  et  al.,  1 995) 
raises  the  possibility  for  synthesis  and  assembly  of  CTX  in  eukaryotic  cells.  For  CTX  assembly 
to  occur  in  plants,  not  only  must  the  plant  cell  be  able  to  express  both  CTA  and  CTB  subunit 
proteins  but  the  plant  must  also  possess  the  machinery  for  their  assembly  into  a  holotoxin-like 
structure.  In  this  study,  we  have  demonstrated  that  potato  plants  stably  transformed  with  both  CTA 
and  CTB  subunit  encoding  genes  successfully  synthesize  both  subunits  and  assemble  them  into  a 
holotoxin-like  structure.  Our  transformed  potato  plants  synthesizing  the  putative  cholera  holotoxin 
demonstrated  no  unusual  morphological  features  and  grew  at  a  normal  rate  displaying  no  apparent 
toxic  effects. 
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Figure  Legends 

Figure  1.  Linear  map  of  the  plant  expression  vector  pPCV701CTAB.  This  vector  carries  the 
Agrobacterium  tumefaciens  left  and  right  25  bp  direct  repeats  (LB  and  RB)  of  the 
transferred  DNA  (T-DNA)  bordering  the  DNA  fragment  which  will  be  incorporated  into 
the  potato  genome.  The  CTB  gene  was  placed  immediately  downstream  of  the  mas  P2 
promoter  and  is  followed  by  the  polyadenylation  sequence  of  TL-DNA  gene  7  (g7pA).  The 
CTA  gene  DNA  fragment  was  placed  under  control  of  the  mas  PI  promoter  and  is 
followed  immediately  by  the  polyadenylation  signal  of  the  octopine  synthase  gene  (ocspA). 
Arrows  indicate  the  direction  of  transcription.  NPTII,  is  the  neomycin  phosphotransferase 
gene  from  transposon  Tn5  used  for  kanamycin  selection  of  transformed  plants.  Bla,  is  the 
P-lactamase  gene  conferring  resistance  to  ampicillin  for  selection  in  E.  coli. 

Figure  2.  PCR  detection  of  the  bacterial  CTA  and  CTB  genes  in  transgenic  potato  plants.  The 
predicted  PCR  DNA  fragment  for  CTA  is  892  bp  and  408  bp  for  CTB  containing  the  entire 
gene  and  two  flanking  primers.  Lanes  1  (CTB)  and  5  (CTA)  are  the  PCR  products 
amplified  from  plasmid  pPCV701CTAB.  Lanes  2  and  6  are  the  PCR  products  from 
untransformed  potato  leaf  tissues.  Lanes  3  (CTB)  and  7  (CTA)  are  the  PCR  products 
amplified  from  transgenic  potato  (tuber  tissues?)  and  lane  4  is  the  sample  containing 
water?.  Lane  M  is  the  DNA  molecular  weight  marker  ladder.(Where  is  Lane  M?) 

Figure  3.  Immunodetection  of  CTA,  CTB  and  putative  CTX  protein  in  transformed  potato  tuber? 
tissue  homogenates.  Total  soluble  protein  from  potato  tuber  extracts  (100  pg  /lane),  were 
fractionated  by  SDS-PAGE  and  the  bands  transferred  to  a  nitrocellulose  membrane.  The 
membrane  was  probed  with  rabbit  anti-CTX  primary  antibodies  (panel  A)  or  goat  anti- 
CTA  primary  antibodies  (panel  B),  followed  by  an  alkaline  phosphatase  conjugated 
secondary  antibody.  Protein  samples  in  lanes  5  -  7  on  panels  A  and  B  are  from  transformed 
tissue  homogenates.  Untransformed  potato  tuber  homogenates  are  located  in  lane  4  on 
panel  A  and  B.  Lanes  1  -  3  in  panel  A  contain  purified  bacterial  CTX  protein  (Sigma)  and 
lanes  1  -3  in  panel  B  contain  purified  bacterial  CTA  protein.  The  tissue  samples  were 
prepared  under  three  different  conditions  (1),  non-reducing  conditions  in  the  absence  of  p- 
mercaptoethanol;  (2),  reducing  conditions  with  P-mercaptoethanol  (how  much?-  Perhaps 
you  say  somewhere  else?),  and  (3),  boiling  in  the  presence  of  P-mercaptoethanol  (how 
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much?).  Samples  in  lanes  1  and  5  in  panels  A  and  B  contain  no  p-mercaptoethanol,  while 
samples  in  lanes  2  and  6  contain  P-mercaptoethanol  in  the  sample  buffer.  Samples  boiled 
5  minutes  in  the  presence  of  P-mercaptoethanol  are  located  in  lanes  3  and  7  on  panels  A 
andB. 
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Assembly  of  Cholera  Toxin-Antigen  Fusion  Proteins  in  Potato 
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Abstract 


Solanum  tuberosum  cv.  Bintje  leaf  explants  were  transformed  with  a  plant 
expression  vector  containing  the  mannopine  synthase  (mas)  dual  P1,P2  promoters 
in  which  a  cholera  toxin  B  subunit  -  rotavirus  enterotoxin  epitope  gene  fusion 
(CTB-NSP4)  was  linked  to  the  P2  promoter  and  an  enterotoxigenic  E.coli  fimbrial 
antigen  -  cholera  toxin  A2  subunit  fusion  (CFA/I-CTA2),  was  linked  to  the  PI 
promoter.  Following  transformation  and  regeneration  of  transformed  plants,  the 
cholera  toxin  fusion  proteins  were  detected  in  transformed  potato  leaf  and  tuber 
tissues  by  immunoblot  assay  and  quantitated  by  enzyme  linked  immunosorbent 
assay  (ELISA)  methods.  The  CTB-NSP4  protein  expression  level  was  found  to  be 
approximately  0.01%  of  total  soluble  tuber  protein.  Assembly  of  the  CFA/I-CTA2 
subunit  fusion  peptide  monomer  into  the  CTB-NSP4  fusion  pentamer  was 
detected  by  immunoblot  staining  methods.  The  CFA/I-CTA2-CTB-NSP4 
pentameric  fusion  protein  complex  retained  an  affinity  for  binding  GM1 
ganglioside  enterocyte  membrane  receptor  molecules.  The  experimental  results 
demonstrate  that  cholera  toxin  fusion  proteins  can  be  synthesized  in  edible  plants, 
and  assemble  into  cholera  holotoxin  like  molecules.  The  results  demonstrate  for 
the  first  time  that  plant  synthesized  cholera  toxin  A  and  B  subunit  fusion  proteins 
can  interact  in  a  coordinated  fashion  in  a  plant  to  generate  a  carrier  complex  for 
targeted  delivery  of  multiple  pathogen  antigens  to  the  mucosal  immune  system. 


Introduction 

Cholera,  rotavirus  and  ETEC  are  the  three  major  causes  of  acute  gastroenteritis 
worldwide  (Jawez  et  al.,  1989).  Vaccination  and  eventually  eradication  of  these  endemic 
diseases  depends  on  the  development  of  inexpensive  oral  vaccines  accessible  to  the 
developing  world.  Recombinant  DNA  technology  has  now  made  it  possible  to  express 
foreign  antigens  in  plants  for  creating  food  plant  based  vaccines.  Recent  examples  are  the 
expression  of  hepatitis  B  surface  antigens  in  potatoes  and  tobacco,  heat  sensitive 
enterotoxin  (LTB),  expression  in  potatoes,  and  Norwalk  virus  capsid  protein  biosynthesis 
in  both  tobacco  and  potatoes.  However,  oral  immunization  requires  a  relatively  large  dose 
of  antigen  to  stimulate  an  efficient  immune  response  due  to  acid  digestion  of  the  antigen 
in  the  stomach,  intestinal  digestion  of  the  antigen  by  proteolytic  enzymes  and  dilution  of 
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of  antigen  to  stimulate  an  efficient  immune  response  due  to  acid  digestion  of  the  antigen 
in  the  stomach,  intestinal  digestion  of  the  antigen  by  proteolytic  enzymes  and  dilution  of 
the  antigen  by  food  and  mucosal  secretions.  The  generally  low  expression  levels  of 
foreign  proteins  in  plants  has  limited  the  practical  application  of  transgenic  plants  as 
production  and  delivery  vehicles  for  oral  vaccines.  One  attractive  solution  to  the 
necessity  for  antigen  overproduction  in  plants  is  the  development  of  carrier  molecules, 
which  can  target  fusion  antigens  to  the  mucosal  immune  system.  Cholera  toxin  is  known 
to  be  such  a  carrier  molecule  possessing  strong  immunogenicity  as  well  as  adjuvant 
activity  (REFERENCES).  The  cholera  holotoxin  is  made  of  5  copies  of  the  CTB  subunit 
and  one  copy  of  the  CTA  subunit.  The  CTB  subunits  assemble  to  form  pentameric 
multimers  which  can  bind  to  the  GM1  ganglioside  receptors  embedded  in  the  surface  of 
intestinal  epithelial  cells  and  especially  in  M  cells.  Following  translation,  the  CTA 
subunit  is  postranslationally  cleaved  into  a  CTA1  and  a  A2  subunit.  The  small  6.3  kDa 
helical  CTA2  subunit  is  inserted  into  the  central  core  of  the  CTB  pentamer  and  becomes 
linked  to  the  CTA1  subunit  by  hydrogen  and  disulfide  bonds.  Chemically  or  genetically 
fusing  small  molecules  to  the  CTB  subunit  was  found  to  stimulate  antibody  production 
against  both  antigens  (Dertzbaugh  and  Elson,  1993).  Alternatively,  replacement  of  CTA1 
with  streptococcal  adhesion  protein  was  also  found  to  stimulate  a  mucosal  immune 
response  against  the  fusion  protein.  Here  we  report  the  expression  of  a  double  fusion 
protein  in  potato  plants:  a  twenty  amino  acid  epitope  of  rotavirus  nonstructural 
enterotoxin  protein  NSP4  fused  to  the  CTB  subunit,  and  the  ETEC  fimbrial  colonization 
factor  CFA/I  linked  to  the  CTA2  subunit  and  the  assembly  in  the  plant  of  the  two  fusion 
proteins  into  a  cholera  holotoxin  like  structure. 


Materials  and  Methods 

Construction  of  plant  expression  vectors.  In  the  first  plant  expression  vector  construct, 
the  CTB  gene  including  its  leader  peptide  was  PCR  amplified  from  the  ctxAB  operon  in 
plasmid  pPT42(  provided  by  J.  Mekalanos,  Harvard  Medical  School).  The  3’  primer  was 
designed  to  contain  an  oligonucleotide  encoding  the  endoplasmic  reticulum  (ER)- 
retention  signal  in  frame  downstream  from  the  CTB  gene.  The  amplified  DNA  fragment 
encoding  the  CTB:SEKDEL  fusion  gene  was  inserted  into  the  plant  expression  vector 
pPCV701  under  control  of  the  P2  mannopine  synthase(/wa.s)  promoter.  The  plant 
expression  vector  was  designated  pPCV701-CTB.  In  a  second  construction,  the  CTB 
gene  and  its  leader  peptide  was  obtained  by  PCR  amplification  from  the  same  ctxAB 
operon.  The  3’  primer  was  designed  to  contain  a  nucleotide  sequence  encoding  the 
tetrapeptide  hinge(Gly-Pro-Gly-Pro)  to  increase  the  flexibility  of  the  conjugated  protein. 
The  CTB:hinge  sequence  was  inserted  into  plant  transformation  vector  pPCV701under 
control  of  the  mas  P2  promoter.  The  plant  expression  vector  was  designated  pPCV701 
CTBh.  A  double  stranded  DNA  fragment  encoding  the  rotavirus  enterotoxin  NSP4  (114- 
135)  epitope  was  synthesized  (model  394  DNA/RNA  Synthesizer  Applied  Biosystems, 
Inc.),  in  our  laboratory  at  Loma  Linda  University.  The  3 ’end  of  the  NSP4  DNA  fragment 
contains  the  endoplasmic  reticulum  (ER)  retention  signal,  SEKDEL.  The  NSP4:SEKDEL 
sequence  was  cloned  into  vector  pPCV701CTBh,  immediately  downstream  of  the  CTB: 
hinge  sequence  to  create  the  fusion  gene  CTB:hinge-NSP4:  SEKDEL.  The  plant 
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expression  vector  was  designated  pPCV701CTB-NSP4.  In  the  third  expression  vector 
construct,  The  CTA  leader  sequence  and  CTA2  gene,  which  has  its  own  KDEL  signal 
sequence  was  amplified  by  PCR  from  the  ctxAB  operon,  and  inserted  into  the  vector 
pPCV701  CTB-NSP4  under  control  of  the  mas  PI  promoter.  A  DNA  fragment  encoding 
the  ETEC  colonization  factor  CFA/I  was  amplified  from  plasmid  pIGxl5A(provided  by 
Dr.  M.  Levine,  University  of  Maryland),  and  was  inserted  in  frame  between  the  CTA 
leader  sequence  and  the  CTA2  gene.  The  resultant  plant  expression  vector  was 
designated  pPCV701  CFA-CT-NSP4  and  contains  the  CTA2-CFA/I  fusion  gene  driven 
by  the  mas  PI  promoter  and  CTBh-NSP4  fusion  gene  driven  by  the  mas  P2  promoter. 
The  plant  expression  vectors  pPCV701-CTB,  pPCV701CTB-NSP4  and  pPCV701  CFA- 
CT-NSP4  were  introduced  into  Agrobacterium  tumefaciens  strain  GV3101  pMP90RK  by 
electroporation  (REF).  Potato  leaf  discs  were  transformed  with  agrobacteria  harboring 
the  plant  expression  vectors  and  transgenic  potato  plants  were  regenerated  as  described 
(REF). 

Analysis  of  DNA/RNA  from  transformed  potato.  Plant  genomic  DNA  was  isolated 
from  transformed  potato  leaf  tissues  using  DNeasy  Plant  Mini  Kit  (Qiagen  Inc).  Presence 
of  the  CTB,  NSP4  and  CFA/I  genes  were  determined  by  PCR  analysis  using  transformed 
plant  genomic  DNA(500ng)  as  a  template  and  primers  specific  for  each  gene.  The  PCR 
products  were  separated  by  electrophoresis  on  a  1%  agarose  gel  and  stained  with 
ethidium  bromide.  Total  RNA  from  leaves  of  transformed  plants  was  isolated  using 
Rneasy  Plant  Mini  kit  (Qiagen  Inc.).  The  presence  of  CFA/I  mRNA  was  determined  by 
RT-PCR  analysis  following  the  instructions  from  Omniscript  Reverse  Transcriptase  kit 
(Qiagen  Inc.).  The  RT-PCR  samples  were  separated  by  electrophoresis  on  a  1%  agarose 
gel  and  stained  with  ethidium  bromide. 

Immunoblot  analysis  of  protein  from  transformed  potato.  Approximately  lg  of  leaf 
tissue  was  homogenized  on  ice  in  1ml  of  extraction  buffer  (200mM  Tris-HCL,  pH  8.0, 
100  mMNaCl,  400mM  sucrose,  10  mM  EDTA,  14  mM  2-mercaptoethanol,  ImM  phenyl- 
methylsulfonyl  fluoride,  0.05%  Tween-20).  The  tissue  homogenates  were  centrifuged 
twice  at  17,000  G  for  15min  at  4°  C  to  remove  insoluble  debris.  A  10-20  aliquot  of 
supernatant  fluid  containing  100-200  ug  of  total  soluble  protein,  as  determined  by  protein 
assay  (Bio-Rad  Inc.),  was  analyzed  by  12%  SDS-PAGE.  Plant  homogenate  samples  were 
either  boiled  5  min  prior  to  electrophoresis  or  loaded  directly  on  the  gel.  The  expression 
of  CTB,  NSP4  and  CFA/I  protein  were  detected  by  rabbit  anti  CTB  antiserum 
(Sigmal:5000  dilution  ),  rabbit  anti  NSP4(1 14-135)  antiserum  (provided  by  M.  Estes, 
Balyor  College  of  Medicine,  at  1:1000  dilution)  and  rabbit  anti  CFA/I  antiserum  (1:1000 
dilution).  The  second  antibody  was  an  alkaline  phosphatase-conjugated  mouse  antirabbit 
IgG  (Sigma,  1:10,000  dilution). 

Quantification  of  CTB-NSP4,  CFA-CTA2  proteins’  levels  in  transformed  potato. 

The  amount  of  plant-synthesized  CTB-NSP4  fusion  protein  was  measured  by 
chemiluminescent  GM1  ELISA  assay  (Arakawa  et  al.,  1997).  Briefly,  the  wells  of  a  96- 
well  microtiter  plate  (Dynatech  Laboratories)  were  coated  with  lOOul/well  of 
monosialoganglioside  GM1  (3.0ug/ml)  (Sigma)  in  pH9.6  bicarbonate  buffer  (15mM 
Na2C03,  35mM  NaHC03),  and  incubated  at  4°  C  overnight.  The  plate  was  washed  three 
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times  with  PBST  (phosphate  buffered  saline  (PBS)  containing  0.05%  Tween-20).  The 
background  was  blocked  by  incubation  in  1%  bovine  serum  albumin  (BSA)  in  PBS 
(300ul/well)  at  37°  C  for  2h  followed  by  washing  three  times  with  PBST.  The  microtiter 
plate  was  incubated  with  2ug  of  transformed  plant  total  soluble  protein  per  well  in  PBS 
(lOOul/well).  Alternatively,  a  known  amount  of  bacterial  CTB  (Sigma)  plus  2ug 
untransformed  plant  total  soluble  protein  in  PBS  (lOOul/well)  was  added  to  the  plate  and 
incubated  overnight  at  4°  C.  The  plate  was  washed  three  times  with  TBST  and  then 
incubated  in  a  1:8000  dilution  of  rabbit  anti-cholera  toxin  antibody  (Sigma,  lOOul/well) 
for  2h  at  37°  C,  followed  by  washing  three  times  with  PBST.  The  plate  was  incubated 
with  a  1:80,000  dilution  of  anti-rabbit  IgG  alkaline  phosphatase  conjugate  (Sigma, 
lOOul/well)  for  2h  at  37°  C  and  washed  three  times  with  PBST.  The  plate  was  finally 
incubated  with  lOOul/well  Lumi-Phos  Plus  substrate  (Lumigen)  for  30  min  at  37°  C.  The 
plate  was  cooled  for  5  min  and  measured  in  a  Dynatech  3000  Microtiter  Plate 
Luminometer  (Dynatech  Laboratories).  The  amount  of  plant-synthesized  CFA-CTA2 
fusion  protein  in  each  well  was  measured  by  the  same  chemiluminescent  ELISA  assay, 
except  that  2ug  of  transformed  plant  total  soluble  protein  was  directly  coated  to  the  plate 
in  pH9.6  bicarbonate  buffer  and  the  first  antibody  used  was  rabbit  anti-CFA/I  in  1:3000 
dilution.  The  rest  of  the  assay  procedure  was  identical  to  the  ELISA  assay  described 
above. 

Detection  of  CFA-CTA2  and  CTB-NSP4  assembly  in  plant  tissues.  The  folding  of 
CFA-CTA2  subunit  with  the  CTB-NSP4  pentamer  in  transformed  plant  tissues  was 
detected  by  a  chemiluminescent  GM1  ELISA  assay  procedure.  The  analysis  procedures 
were  the  same  as  the  GM1  ELISA  for  quantification  of  CTB-NSP4  fusion  protein  except 
that  the  first  antibody  used  was  rabbit  anti-CFA/I  in  a  1:3000  dilution. 

Results  and  Discussion 

Construction  of  plant  expression  vectors.  The  plant  expression  vector  pPCV701  CFA- 
CT-NSP4  (Figure  l)was  generated  by  inserting  the  CTB-NSP4  gene  behind  the  mas  P2 
promoter  and  inserting  the  CFA/I-CTA2  gene  behind  the  mas  PI  promoter.  The  mas 
promoter  is  a  bidirectional  promoter  capable  of  driving  the  expression  of  two  genes  in 
opposite  directions  in  plants  at  the  same  time.  A  hinge  region  (GPGP),  was  added 
between  CTB  and  NSP4  epitope  to  provide  increased  flexibility  of  the  fusion  peptide. 
The  CTA2  gene  was  fused  to  the  5’  end  of  the  CFA/I  gene  as  a  linker  to  facilitate  the 
association  of  CFA/I-CTA2  peptide  with  CTB  pentamer  structure.(The  Description  is 
confusing,  show  the  structure  of  the  construct  in  diagram)  Each  fusion  gene  has  its 
bacterial  leader  sequence  and  an  ER  retention  signal.  As  controls,  plant  expression 
vectors  contain  CTB  or  CTB-NSP4  gene  under  the  mas  P2  promoter  were  included. 
Agrobacterium  tumifaciens  meditated  stable  transformation  of  potato  leaf  tissues 
generated  fifteen  kanamycin  resistant  transgenic  potato  plants. 

DNA/RNA  analysis  of  transformed  plants.  The  transformed  potato  plants  were 
analyzed  by  PCR  for  the  presence  of  the  CTB-NSP4  gene  and  the  CFA/I-CTA2  gene 
(Figure  2).  A  560bp  DNA  fragment  which  included  both  the  CTB  and  the  NSP4 
sequence  was  amplified  from  transformed  potato  genomic  DNA.  Nonspecific 
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amplification  was  not  observed  in  untransformed  plant  samples,  indicating  the  high 
specificity  of  annealing  of  the  5’  CTB  primer  and  the  3’  NSP4  primer.  Using  primers 
including  5’  flanking  sequence  of  CFA/I  gene  and  3’  flanking  sequence  of  CTA2  gene, 
we  detected  a  specific  amplification  of  a  590bp  DNA  fragment,  which  is  the  correct  size 
for  the  CFA/I-CTA2  gene.  Because  the  PI  promoter  is  5  to  10  times  weaker  than  P2 
promoter,  we  chose  to  study  the  mRNA  transcription  of  CFA/I  gene  at  the  PI  side  of  the 
mas  promoter.  Both  5’  and  3’  CFA/I  primers  were  used  in  the  RT-PCR  assay.  A  430bp 
mRNA  fragment  was  detected,  which  is  the  exact  size  of  CFA/I  cDNA.  Samples  without 
the  addition  of  reverse  transcriptase  showed  no  band,  which  indicated  that  no  DNA 
contamination  was  present  in  the  total  RNA  sample  preparation. 

Detection  of  foreign  proteins  in  transformed  plants.  The  presence  of  the  CTB  gene 
product  was  identified  by  immunoblot  analysis  using  antiserum  against  cholera  toxin 
(Figure  3A).  Bacterial  CTB  formed  45kD  pentamer  structure,  partially  dissociated  into 
1  lkD  monomers.  Gel  electrophoretic  separation  results  indicated  that  the  plant  derived 
CTB  pentamers  had  a  higher  molecular  weight  than  the  bacterial  CTB  by  about  50kD. 
The  5kD  molecular  mass  increase  was  due  to  the  additional  SEKDEL  sequence  and 
probably  the  improper  cleavage  of  the  bacterial  CTB  leader  sequence.  Plant  derived 
CTB-NSP4  fusion  protein  also  formed  the  pentamer  structure  about  the  same  size  of 
plant  derived  CTB  pentamer.  The  transgenic  plant  containing  CFA/I-CTA2  and  CTB- 
NSP4  genes  displayed  a  70kD  band,  which  was  higher  in  molecular  weight  than  the  plant 
derived  CTB-NSP4  pentamer.  The  additional  increase  in  molecular  mass  was  due  to  the 
presence  of  CFA/I-CTA2  fusion  protein.  Heat  treatment  dissociated  the  multimeric 
structures  into  monomers.  Plant  derived  CTB-NSP4  fusion  protein  had  a  18kD  monomer. 
The  CTB-NSP4  fusion  protein  maintained  the  antigenicity  of  bacterial  cholera  toxin  and 
its  ability  to  associate  into  pentamers  which  is  essential  for  maintenance  of  its  biological 
function.  The  bacterial  colonization  factor  CFA/I  is  made  up  of  6000  copies  of  a  20kD 
monomer.  A  multimer  ladder  of  bacterial  CFA/I  was  detected  in  SDS-PAGE  gels  (Figure 
3B,  lane  1).  Anti-CFA/I  antiserum  reacts  with  the  same  70kD  band  detected  by  anti-CT 
antiserum  from  the  plant  transformed  with  the  CFA/I-CTA2:  CTB-NSP4  double  fusion 
genes.  The  control  plant,  transformed  only  with  the  CTB-NSP4  gene  did  not  cross  react 
with  the  anti-CFA/I  antiserum  (Figure  3B  lanes  5  and  6).  The  cholera  toxin  A2  subunit 
passes  through  the  central  pore  of  the  B  pentamer  as  a  continuous  helix.  The  hydrophobic 
interaction  between  the  A2  and  B  subunits  stabilize  the  B  pentamer  structure.  The 
presence  of  CFA/I-CTA2  peptide  made  the  chimeric  protein  more  resistant  to  heat 
degradation  (Figure3B,  lane  3  and  4).  Immunoblot  analysis  using  antiserum  against  the 
NSP4  peptide  detected  the  NSP4  moiety  of  the  CTB-NSP4  fusion  protein  in  monomer 
form.  The  reaction  was  specific  and  did  not  cross  react  with  plant  derived  CTB  protein. 
The  inability  to  detect  the  small  NSP4  moiety  in  its  CTB-NSP4  multimeric  form  may  be 
due  to  steric  hindrance  generated  by  the  CTB  pentameric  structure. 

Quantitation  of  protein  expression  levels.  The  CTB-NSP4  fusion  protein  expression 
levels  in  transformed  potato  tissues  were  determined  by  quantitative  chemiluminescent 
ELISA.  The  amount  of  plant  CTB-NSP4  protein  was  measured  by  comparison  of  the 
relative  light  units  (RLU)  from  a  known  amount  of  bacterial  CTB  protein  (Figure  4).  The 
amount  of  CTB-NSP4  detected  was  expressed  as  a  percentage  of  total  soluble  plant 
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protein  in  samples.  Plant  #15  had  the  highest  expression  level  about  0.01%  of  total 
soluble  protein.  This  is  roughly  equivalent  to  5-10ug  of  CTB-NSP4  protein  in  3.0g  of 
transgenic  potato  tuber  tissues.  Plant  #3  had  the  lowest  expression  level,  about  one  tenth 
of  plant  #15  (0.001% ).  Five  minutes  of  boiling  dissociated  the  CTB  multimers,  we  failed 
to  detect  the  light  emission  from  the  boiled  samples. 

Assembly  of  subunit  foreign  proteins.  The  association  of  CFA/I-CTA2  with  CTB- 
NSP4  pentamer  was  further  demonstrated  by  the  results  obtained  by  the  GM1  ELISA 
using  anti-CFA/I  antibody  as  the  first  antibody.  Plants  #1  and  #2  were  control  plants 
transformed  with  CTB  and  CTB-NSP4  genes  respectively.  Plants  #3  through  #7  were 
transformed  with  CFA/I-CTA2:  CTB:NSP4  genes  (Figure  5A).  The  Student’s  t-test 
revealed  significant  differences  among  the  control  plants  and  CFA/I-CTA2  transformed 
plants  (p<0.05).  When  we  increased  the  amount  of  total  soluble  protein  from  20ug  to 
60ug,  the  RLU  signal  from  the  CTB-NSP4  control  plant  remained  the  same  at  the 
background  level  (Figure  5B).  In  comparison,  the  CFA/I  transformed  plant  showed  a 
increased  slope,  statistically  significant  above  the  control  plant  (p<0.05). 

Future  experiments.  The  mas  promoters  are  known  to  be  induced  auxin  inducible 
promoters.  The  expression  levels  are  equivalent  to  or  greater  than  constitutively 
expressed  promoters  such  as  the  cauliflower  mosaic  virus  35S  promoter  (Mason  et 
al,1992,  Haq  et  al  1995),  the  patatin  promoter.  The  bidirectional  nature  of  the  mas 
promoters  enable  us  to  express  two  foreign  proteins  simultaneously.  This  may  a  benefit 
for  the  production  of  large  functional  foreign  proteins  in  plants,  which  are  made  of  two  or 
more  subunits.  The  correlated  expression  levels  between  mas  PI  and  P2  promoters 
provide  options  for  the  production  of  different  amounts  of  subunits,  which  may  in  turn 
achieve  optimal  ratios  for  subunit  association.  Assembly  of  the  CFA/I-CTA2  protein  with 
the  CTB-NSP4  pentamer  protein  to  form  a  multimeric  structure  in  plants,  similar  to  the 
natural  form  of  cholera  holotoxin  demonstrates  that  cholera  toxin  can  be  used  as  a  carrier 
molecule  for  large  peptides  and  for  multiple  antigens.  The  expression  of  three  antigens 
CFA/I,  CTB,  NSP4  from  three  infectious  enteric  disease  cholera,  rotavirus  and  ETEC  in 
one  transgenic  plant  paved  the  road  for  developing  multi-component  oral  vaccine  in 
edible  plants.  Further  study  of  how  the  immune  system  responds  to  oral  administration  of 
multi-component  antigens  may  provide  further  information  about  how  our  immune 
system  maintains  a  balanced  immune  response  against  multiple  pathogens  in  the 
environment.  To  our  knowledge  this  is  the  first  report  of  expression  of  three  antigens  in 
individual  transgenic  plants. 
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Plant  Expression  Vectors 
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a-Usepuence  flanked  by  the  right  and  left  border  (RB  and 
LB),  25bp  direct  repeats  required  for  integration  of  the  T-DNA  into 
plant  genonSraa:1 )  CTBH;NSP4(1 14-1 35):SEKDEL  coding 
sequence  under  control  of  the  mas  P2  promoter;  2)  CFA/I;CTA2 
coding  sequence  under  control  of  the  mas  PI  promoter, 3)  an 
II  expression  cassette  for  resistance  to  kanamycin  in  plants;  4)  a  13- 
lactamase  cassette  for  resistance  to  ampicillin  in  E.coli  and 
carbenicillin  in  A.tumefaciens.  The  g7PA  polyadenylation  signal  is 
from  ^  A.tumefaciens  TL-DNA  gene  7;  the  OcspA  polyadenyla 
signal  is  from  the  octopine  synthase  gene;  Pnos  is  the  promoter  of 
the  nopaline  synthase  gene;  g4pA  is  the  polyadenylation  signal 
from  Tl-DNA  gene  4;  Ori  pBR  is  the  replication  origin  of  pBR322  for 
maintenance  of  the  plasmid  in  E«*  Construct  (2),  which  has  only 
CTBH;NSP4;SEKDEL  under  the  mas  P2  promoter,  and  eue^,^jtnsie 
(1),  which  has  only  CTB.SEKDEL  under  mas  P2  promoter^were 

included  3S  controls. 
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Figure  2.  DNA/RNA  analysis  of  transformed  potato 
(A.W^a.  PCR  detection  of  CFA/I-CTA2  cDNA  in  potato  genomic  DNA:  lane 
1 ,  1  kb  molecular  weight  marker;  lane  2,  genomic  DNA  from 

Q6 

untransformed  potato  leaf  tissues;  lanes  3  through  5.  genomic  DNA  (5oW£J 
from  potato  leaf  tissuesffransformed  with  plant  expression  vector 
pPCV701  CFA-CT-NSP4^B.'PCR detection  of  CTBH-NSP4  cDNA  in 
potato  genomic  DNA:  lane  1,  Ikb  molecular  weight  marker;  lanes  2 
through  5,  genomic  DNA  from  pgtate  leaf  tissues  |frarisforrned  wifFT 
plant  expression  vector  pPCV701  CFA-CT-NSP4;  lane  6,  genomic 
DNA  from  untransformed  potatoleaf  tissue^C.  RT-PCR  detection  of 
CFA/I  mRNA:  lane  1,  lOObp  molecular  weight  marker;  lanes  2  and  3, 
total  RNA  preparations  from  untransformed  potato  leaf  tissues;  lanes 
4  through  7^total  RNA  preparations  from  potato  leaf  tissues  %***'<*{ 
transformed  with  plant  expression  vector  pPCV701  CFA-CT-NSP4. 

Lanes  4  and  6^the  PCR  reaction  only,  without  the  reverse 
transcription  step. 


Figure  3.Immunoblot  detection  of  CTB-NSP4  and  CFA/I-CTA2  fusion 
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proteins  in  transformed  potato  tuber  tissues. 

"A.Immunoblot  with  anti-CT  antiserum.  Lane  1 .  Molecular  weight 

^  cx^~ 

markers;  Lane  2  through  5  were' unboiled  samples.  Lane  6  through  9  were 

„  ( 

boiled  samples.  Lane  2  and  6,  lOOng  bacterial  CTB;  Lar£  3  and  7,^1  OOug 

o  C 

total  soluble  protein  from  potato  planf  transformed  withXTB  gene;  lane4 

and  8,  lOOug  total  soluble  protein  from  potato  plant  transformed  with 

< 

CTB-NSP4  fusion  gene;  Lane  5  and  9,  lOOug  total  soluble  protein  from 0- 
potato  plant  transformed  with  (2FA/I-CTA2  and  CTB-NSP4  double  fusion 
genes.  B.  Immunoblot  with  anti-CFA/I  antiserum.  Lane  1 .  Molecular 
weight  markers;  lOOng  boiled  bacterial  CFA/I  protein;  Lane?3  and  4  were 
unboiled  and  boiled  200ug  total  soluble  protein  from  potato  plants 

dfL ^  ^  < 

transformed  with  CFA/I-CTA2:CTB-NSP4  double  fusion  genes;  Land  5 
vl 

and  6  wcreunboiled  and  boiled  200ug  total  soluble  protein  from  potato 
plants  transformed  with  CTB-NSP4  gene.  C.  Immunoblot  with  anti-NSP4 

K  A 

antiserum.  Lane  1  through  3  were  unboiled  samples;  lane  4  through  6  were 
boiled  samples.  Lane  1  and  4,  200ug  total  soluble  protein  from  potato 
plants  transformed  with  CTB  gene;  lane  2  and  5,  200ug  total  soluble 
protein  from  potato  plants  transformed  with  CTB-NSP4  fusion  gene;  lane  5 

3  and  6,  200ug  total  soluble  protein  from  potato  plants  transformed  with<A&>— 

k.  A 

CFA/I-CTA2:  CTB-NSP4  double  fusion  genes. 


Figure  4.  Quantitation  of  CTB-NSP4  fusion  protein  levels  in  transformed 

potato  tissues.  Anti-CT  antiserum  was  used  as  primary  antibody  in  GM1 

ELISA  assay.  Known  amount*  of  bacterial  CTB  protein  plus  2ug  total 

A 

soluble  protein  from  untransformed  potato  tissues  were  used  to  generate 
standard  curves.  2ug  total  soluble  protein  from  transformed  potato  plant 
#3  and  #15  were  either  boiled  or  directly  used  for  GM1  ELISA  assay, 
l/ntransformed  plant  was  used  as  a  negative  control.  The  relative  light 

JU 

units  (RLU)  obtained  from  sample  assay  were  compared  with  the  standard 

A 

curve  to  calculate  CTB-NSP4  fusion  protein  expression  level. 


Figure  5.  Detection  the  association  of  CFA/I-CTA2  fusion  protein  with 
CTB-NSP4  fusion  protein  in  transformed  potato  plants. 

A.  Plant  homogenate  containing  20ug  total  soluble  protein  was  used 


to  perform  the  GM1  ELISA.  Rabbit  anti-CFA/l  antiserum  was  used  as 

(j>p  ^  4^ 

the  primary  antibody.  #1  was  control  plant  transformed  witlrCTB 

gene  only[  W2  control  plant  transformed  with  CTB-NSP4  gene 

1  i\ 

only;  #3  through#7  were  plants  transformed  with  CFA/I-CTA2:  CTB- 

les.^B^various  amount  of  total  soluble 
protein  from  transformed  plant  tissues  was  used  to  perform  the  GM1 


NSP4  double  fusion  genes. 


ELISA.  Rabbit  anti-CFA/l  antiserum  was  used  as  the  primary 
antibody.  Rabbit  anti-CFA/l  antiserum  was  used  as  the  primary 

antibody.  Curve  #2  vyae  RLU  obtained  from  plant  transformed  with 

A  A 

v 

CFA/I-CTA2:  CTB-NSP4  double  fusion  genes;  curve  #1  W&s-a  control 


plant  transformed  with  CTB-NSP4  gene  only. 
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One  day  children  may  get  immunized  by  munching 
on  foods  instead  of  enduring  shots.  More 
important,  food  vaccines  might  save  millions  who 
now  die  for  lack  of  access  to  traditional  inoculants 
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l.  painting  * 

FOODS  UNDER  STUDY  as  alternatives  to 
Injoctablo  vaccines  include,  among  others, 
bananas  potatoes  and  tomatoes,  lettuce, 
rtoe,  wheat,  soybeans  and  com[?]. 


Vaccines  have  accomplished  near  miracles  in  the 
fight  against  infectious  disease.  They  have  con¬ 
signed  smallpox  to  history  and  should  soon  do 
the  same  for  polio.  By  the  late  1990s  an  international  cam¬ 
paign  to  immunize  all  the  world’s  children  against  six  devas¬ 
tating  diseases  was  reportedly  reaching  80  percent  of  infants 
(up  from  about  5  percent  in  the  mid-1970s)  and  was  reduc¬ 
ing  the  annual  death  toll  from  those  infections  by  roughly 
three  mijhon. 

Yet  tKfte  victories  mask  tragic  gaps  in  delivery.  The  20  per¬ 
cent  of  infants  still  missed  by  the  six  vaccines— against  diph¬ 
theria,  pertussis  (whooping  cough),  polio,  measles,  tetanus 
and  tuberculosis— account  for  about  two  million  unneces¬ 
sary  deaths  each  year,  especially  in  the  most  remote  and  im¬ 
poverished  parts  of  the  globe.  Upheavals  in  many  developing 
nations  now  threaten  to  erode  the  advances  of  the  recent  past, 
and  millions  still  die  from  infectious  diseases  for  which  immu¬ 
nizations  are  nonexistent,  unreliable  or  too  costly.  Ajpl***^ 
This  situation  ii  worrisome  not  only  for  the  wgtewsthat 
lack  health  care  but  for  the  entire  world,  Region#  harboring 
infections  that  have  faded  from  other  areas  are  something 
like  bombs  ready  to  explode.  When  environmental  or  social 
disaster#  undermine  sanitation  systems  or  displace  commu- 
nitie^bringing  people  with  little  immunity  into  contact 
with  carriers— infections  that  might  have  been  long  gone 
from  a  population  come  roaring  back.  Further,  as  interna¬ 
tional  travel  and  trade  make  the  earth  a  smaller  place,  dis¬ 
eases  that  arise  in  one  locale  are  increasingly  popping  up 
continents  away.  Until  everyone  has  routine  access  to  vac¬ 
cines,  no  one  will  be  entirely  safe. 

In  the  early  1990s  Charles  J.  Amtzen,  then  at  Texas  A&M 
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m  developing  nations.  Soon  after  learning  of  a  World  Health 

SS!?/  C*  f°r  intxptnS1'?' oral  v“«ines  that  needed 
no  refrigeration.  Arotzen  visited  Bangkok,  where  he  saw  a 

SSJtariS?  VT16  b“bybyof(erin8  a  Piece  of  banana. 
Plant  biologists  had  already  devised  ways  of  mtroducine  sc- 

d.2™  A*  lthe  Sluep«nts  for  pr0teins'  int° P<a™  »nd  in. 
i  ?5  lle  j1 ltcrd.’ 0r  “an*s™<  plants  to  manufacture 
iho  encoded  proteins,  Perhaps,  he  mused,  food  could  be  ae- 

nf,tlcallye"8m“f6Ld  t0  PCOiJu«  vaccines  in  their  edible  parts, 
which  could  then  be  eaten  when  inoculations  were  needed.^ 
rhe  advantages  would  be  enormous.  The  plants  could  be 
grown  locally— and  cheaply-with  standard  growing  meth- 
ods  ofapven  region.  Because  food  plants  can  be  regenerat- 
ed  readily,  the  crops  could  potentially  be  produced  indefi- 
nitely  wtthout  the  growers  having  to  purchase  more  seeds  or 
plants  year  after  year,  Home-grown  vaccines  would  also 
avoid  the  logistical  and  economic  problems  posed  by  having 
to  transport  traditional  preparations  over  long  distances, 
keeping  them  co  d  all  along  the  way  and  at  their  destination. 
And,  being  edible,  the  vaccines  would  require  no  syringes- 
which,  aside  from  costing  something,  can  lead  to  infections 

if  they  become  contaminated. 

Efforts  to  make  ArntWs  inspired  vision  a  reality  are  srllll 
quite  preliminary  and  could  be  slowed  by  opposition  to  ge¬ 
netically  altered  foods  in  general.  Y«  studies  carried  out  ini  Ofc 
animals  m  the  past  10  years— and  small  tests  in  people— en¬ 
courage  hope  that  edible  vaccines  can  work.  The  Search 
has  also  fueled  speculation  that  certain  food  vaccines  might 
help  suppress  autoimmunity-in  which  the  body',  defenses 
wrongly  attack  normal,  uninfected  tissues.  Among  the  au¬ 
toimmune  disorders  that  might  be  prevented  or  eased  are 
type  ]  diabetes  (the  kind  that  commonly  arises  during  child¬ 
hood),  multiple  sclerosis  and  rheumatoid  arthritis  H 

e>n 

By  Any  Other  Namt ... 

Regardless  of  how  vaccines  for  infectious  diseases  are  de- 
.  livered,  they  all  have  the  same  aims  priming  the  immune 
system  to  swiftly  destroy  specific  disease-causing  agents,  or 
pathogens,  before  the  agents  can  multiply  enough  to  cause 
symptoms,  Classically,  this  priming  has  been  achieved  by  pre¬ 
senting  the  immune  system  with  whole  viruses  or  bacteria 
that  have  been  killed  or  made  too  weak  to  proliferate  much. 

Un  detecting  the  presence  of  a  foreign  organism  in  a  vac¬ 
cine,  the  Immune  system  behaves  as  if  the  body  were  under 
attack  by  a  fully  potent  antagonist.  It  mobilizes  its  various 
forces  to  root  out  and  destroy  the  apparent  invader-target- 
mg  the  campaign  to  specific  antigens  (proteins  recognized  as 
foreign).  The  acute  response  soon  abates,  but  it  leaves  be¬ 
hind  sentries,  known  as  -memory"  cells,  that  remain  on 
alett,  ready  to  unleash  whole  armi«$  0/  defender*  if  the  real 
pathogen  ever  finds  its  way  Into  the  body,  Some  vaccines 
provide  life-long  protection;  others  (such  as  those  for 
cholera  and  tetanus)  must  be  readministered  periodically. 

Classic  vaccines  pose  a  small  but  troubling  risk  that  the 
vaccine  microorganisms  will  somehow  spring  back  to  life, 
causing  the  diseases  they  were  meant  to  forestall,  For  that  /C 
reason,  vaccine  makers  today  favor  so-called  subunit  ptepa- Av 
rations,  composed  primarily  of  antigenic  proteins  divorced  V 
from  a  pathogen  s  genes.  On  their  own,  proteins  have  no 
way  of  establishing  an  infection,  Subunit  vaccines,  however. 

Edible  Vaccines 
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BANANA  TREES  In  a  greenhouse  at  the 
Boyce  Thompson  Plant  Research  Center,  In 
Ithaca,  NY,  have  been  genetically 
engineered  to  produoe  an  experimental 
vaccine  against  [TO  COME).  Although  newly 
planted  banana  trees  take  three  years  to 
produce  food,  they  offer  several  advantages 
as  a  sources  of  vaccines:  they  grow  widely 
parts  of  the  developing  world  and  their  fruit, 
which  usually  appeals  to  children,  can  be 
eaten  raw, 
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expensive,  in  part  because  they  are  produced  in  cultures 
of  bacteria  or  animal  cell*  and  have  to  be  purified  Out*  they 
also  need  to  be  refrigerated. 

Food  vaccines  arc  like  subunir  preparations  in  that  they  are 
engineered  to  contain  antigens  but  bear  no  genes  that  would 
enable  whole  pathogens  to  form.  Ten  years  ago  Arntzen  un-  ^  \  \ 

demo pd  that  edible  vaccines  would  therefore  be  as  safe  a 


"subunit  preparations  while  sidestepping  their  costs  and  de»l» 
[mands  for  purificadon/^ut  before  he  and  others  could  study  W 
The  effects  of  food  vaccines  in  people,  they  had  to  obtain  pos^  L, 
idve  answers  to  a  number  of  questions.  Would  plants  engi-  , 
neered  to  carry  antigen  genes  produce  functional  copies  ofiOc 
the^rotelns?  When  the  food  plants  were  led  to  test  animal*,  V 
Would  the  antigens  be  degraded  in  the  stomach  before  having 
a  chance  to  act?  (Typical  subunit  vaccines  have  to  be  deliv¬ 
ered  by  injection  precisely  because  of  such  degradation,)  If 
the  antigens  did  survive,  would  they,  In  fact,  attract  the  im¬ 
mune  system1*  attention?  And  would  the  response  be  strong 
enough  to  defend  the  animals  against  infection? 

Additionally,  researchers  wanted  to  know  whether  edible 
vaccines  would  elicit  what  is  known  as  mucosal  immunity. 
Many  pathogens  enter  the  body  through  the  nose,  mouth  or 
other  openings.  Hence,  the  first  defenses  they  encounter  are 
those  in  the  mucous  membranes  that  line  the  airways,  the  di¬ 
gestive  tract  and  the  reproductive  tract*,  these  membranes  oc* 
cupy  a  huge  4,300  squarejeet  of  area  and  constitute  the 
biggest  pathogen -dctemng"iurf  ace  in  the  body,  Wien  the 
mucosal  immune  response  is  effective,  it  generates  molecules 
known  as  iccrctory  antibodies  thar  dash  into  the  cavities  of 
those  passageways,  neutralizing  any  pathogens  they  find.  Ar» 
effective  reaction  also  activates  a  systemic  rtsponse,  in  which 
circulating  cells  of  the  immune  help  to  destroy  invaders  at 
distant  sites. 

Injected  vaccines,  being  delivered  into  muscles  or  the  blood¬ 
stream,  initially  bypass  mucous  membranes  and  typically  do 
a  poor  job  of  stimulating  mucosal  immune  nrspontfes,  fiuf  e<^ 
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ibk  vaccines  coma  into  contact  with  the 
lining  of  the  digests*  tract,  In  theory, 
then,  they  should  Activate  mucosal  im¬ 
munity  as  well  as  systemic  immunity. 
That  dual  effect  should,  In  turn,  help 
improve  protection  against  many  dan* 
gcrous  microorganisms,  including,  irru 
portantly,  the  kinds  that  cause  diarrhea 
after  colonizing  the  small  intestine. 

Those  of  us  attempting  to  develop 
food  vaccines  place  high  priority  on 
combating  diarrhea.  Together  the  main 
causes— the  Norwalk  virus,  rotavirus, 
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Vibrio  cholera  (the  cause  of  cholera) 
and  enterotoxigenic  Escherichia  coh  (a. 
toxin-producing  source  of  “traveler’s  di¬ 
arrheal-account  for  some  three  mil¬ 
lion  infant  deaths  a  year,  mostly  in  the 
developing  nations,  These  pathogens  I 
disrupt  intestinal  cells  in  ways  that] 
cause  water  to  (low  from  the  blood  and/ 
tissues  into  the  intestine.  The  resuifi5g( 
dehydration  may  be  eombated  bjffccdJ 
ing  patients  an  electrolyte  solittioft^ST 
V  often  turns  deadly  when  rehydration 
therapy  is  not  available.  No  vaccine 


(practical  for  wide  distribution  in  the  de¬ 
veloping  nations  is  yet  available  to  pro 
vent  these  ills. 


Green  Lights  on  Many  Fronts^C/^jS^^ 

W/hen  investigators  began  address- 
W  ing  the  questions  before  them,  *“Yp  •/ 
they  took  some  encouragement  from 
past  research.  In  the  late  1980s  Julian  ^ 
K.-C.  Ma  and  his  colleagues  at  Guy's 
Hospital  in  London  had  coaxed  geneti¬ 
cally  altered  tobacco  plants  (which  ore 
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Isn't  It  an  exaggeration  to  call  thlsteteportaticm?  After  all,  It  Is 
only  a  quantum  state  that  is  teleported,  notaVT*etua|  obi* 
This  question  raises  the  deeper  philosophical  one  < 
mean  by  Identity.  How  do  we  know  that  an  obitdf-  say,  the ' 
ear  we  find  in  our  garage  In  the  moming-jMtiesame  one  we 
Vaw  a  while  ago?When  It  has  all  the  rigjyefwitures  and  proper- 
tV^Quontum  physics  relnforce^htTpoint: particles  of  the 


am*  typ*  in  the  same  quantum  state  are  Indistinguishable 
even  in  principle.  If  one  to uW  carefully  swap  all  the  Iron  atoms 
in  the  car  with  those  from  a  lump  of  ore  and  reproduce  the 
Tltomi^tates  exactly, the  end  result  wufd  be  Identical,  at  the 
deepesttSb^Uo.JjTe  original  car.  Identity  cannot  mean  more 
than  this: being  the'SSfmijQ.a^  i 

UnT  It  more  llka*qijmntumfi^q"?  fixing  produces  a  copy 
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3.  How  Edlbfe  Vaccines  Provide  Protection 

Antigens  In  food  vaccines  begin  their  work  after  being  taken  up  by  “M"  colls  in  the 
mteatinal  lining  and  passed  to  other  cells  of  the  immune  system  immune  system 
ceils  (left  detail).  Tho  antigens  trick  the  recipient  cells  Into  launching  a  defensive 
attack,  as  If  the  antigen  were  a  true  disease-causing  agent.  Tho  response  leads 
to  the  production  of  long-lasting  •memory'  cells  (right  detain  that  ward  off  disease 
py  promptly  quaohmg  any  disease-causing  agents  bearing  the  antigens  used  In 
the  vaccine  (second  detail). 
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2,  Making  an  Edible  Vaccine 
One  way  of  generating  edible  vaccines  relies  on  bacteria 
to  deliver  Into  plant  cells  the  genetic  blueprints  for  viral  or 
bacterial  "antigens” — proteins  that  elicit  an  Immune 
response  In  the  recipient,  The  example  shows  the 
production  of  a  vaccine  potato,  containing  an  antigenic 
protein. 


not  edible)  to  produce  normal-looking 
versions  of  a  mammalian  secretory  anti¬ 
body.  Much  later;  in  1998,  the  group 
showed  that  application  of  the  purified 
antibodies  to  the  teeth  of  human  volun- 
trers  prevented  a  cavity-causing  bacteri¬ 
um,  Streptococcus  mutans,  from  colo¬ 
nising  the  dentition.  Such  passive  immu¬ 
nization-direct  delivery  of  immune 
system  components— might  be  extreme¬ 
ly  valuable  for  some  uses  (such  as  for 
enhancing  the  cavity-fighting  power  of 
toothpaste)^ 

Tiose  recent  findings  are  certainly 
exciting,  but  back  in  the  early  1990* 
scientists  were  particularly  impressed 
by  the  demonstration  that  plants  could 
construct  complex  foreign  proteins 
properly.  That  ability  had  to  be  in  place 
if  plant-derived  antigens  were  to  be 
used  for  ’‘active"  immutumtlcm-for 
inducing  the  body  to  build  it*  own, 
tong-fasting  immune  shield  against  in¬ 
vasion  by  pathogens. 

By  1995  researchers  had  established 
that  plants  could,  indeed,  manufacture 
foreign  antigens  in  their  proper  confor¬ 
mations,  For  instance,  Arntzen  and  his 
colleagues  had  introduced  into  tobacco 
plants  the  gene  for  a  protein  derived 
from  the  hepatitis  B  virus  and  had  got- 
ten  the  plant*  to  synthesis  the  protein. 
When  they  in/ected  the  antigen  into 
mice,  it  activated  the  same  immune  sys¬ 
tem  components  as  are  activated  by  the 
virus  itself,  (Hepatitis  B  can  damage  the 
liver  and  contribute  to  liver  cancer,) 

But  injection  is  not  the  aimj  feeding 
is,  In  the  past  five  years,  experiments 
conducted  by  Amtzen  (who  moved  to 
the  Boyce  Thompson  Institute  for  Hant 
Research  at  Cornell  University  in  199$) 
and  his  collaborators  and  by  my  group 
at  Loma  Linda  University  have  demon¬ 
strated  that  tomato  or  potato  plants 
can  synthesize  antigens  from  the  Nor¬ 
walk  virus,  enterotoxigenic  J E.  <:<?//,  V 
thokrat  and  the  hepatitis  B  virus, 
Moreover  feeding  antigen-laced  tubers 
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or  fruits  to  test  animals  can  evoke  mu- 
cosal  and  systemic  immune  responses 
that  fully  or  partly  protect  animals 
from  subsequent  exposure  to  real 
pathogens  or*  in  the  case  of  V,  cholcrac 
<md  enterotoxigenic  £  colt,  to  micro- 
bial  toxins.  Edible  vaccines  have  also 
provided  laboratory  animals  with  some 
protection  against  challenge  by  the  Ta¬ 
blet  virus,  Helicobacter  pyhri  (a  bacte* 
rial  cause  of  ulcers)  and  the  mink  en¬ 
teric  virus  (a  disease  that  does  not  affect 
humans  but  is  important  in  mink). 

It  is  not  entirely  surprising  that  anti¬ 
gens  delivered  in  plant  foods  survive  the 
tnp  through  the  stomach  well  enough 
to  reach  and  activate  the  immune  sys- 
tern*  even  though  typical  subunit  vac¬ 
cines  would  not  The  tough  outer  wall 
of  plant  cells  apparently  serves  as  tem¬ 
porary  armor  for  the  antigens,  keeping 
them  relatively  safe  from  gasrric  en¬ 
zymes.  GWyWwhen  the  wall  finally  be¬ 
gins  to  break  down  in  the  intestine^ 
the  cells  gradually  release  their  antigenic 
cargo. 

Of  course,  the  key  question  is  whether 
food  vaednes  can  be  useful  in  people. 
The  era  of  clinical  trials  for  this  technol¬ 
ogy  is  just  beginning,  Nevertheless) 
Atntzen  and  his  collaborators  obtained 
reassuring  results  in  the  first  published 
human  trial,  involving  11  subjects,  In 
199?  volunteers  who  ore  pieces  of 
peeled,  raw  potatoes  containing  a  be¬ 
nign  segment  of  the  £.  coU  toxin  (the  B 
subunit)  displayed  both  mucosal  and 
systemic  immune  responses,  Since  then, 
the  group  has  also  seen  immune  reactiv¬ 
ity  in  19  or  20  people  who  ate  potato 
vaccines  aimed  at  the  Norwalk  vims. 
Similarly,  after  Hilary  Koprowski  of 
Thomas  Jefferson  University  fed  trans¬ 
genic  lettuce  carrying  a  hepatitis  B  anri* 
gen  to  three  volunteers,  rwo  of  the  sub¬ 
jects  displayed  a  good  systemic  response, 
Whether  edible  vaccines  can  actually 
protect  against  human  disease  remains 
to  be  determined,  however,  j 
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m,  THfclR  PRWKNCE  magnifies  the  7 
risk  that  dengue  and  yellow  fever  may  1  ‘ 
follow.  Dengue  fever  itself  has  struck  at  1  7 
the  mile  mark  in  Tkxco,  Mexico.  The  \  e 
patterns  of  insect  migration  change  J 
faster  in  the  mountains  than  they  do 


Still  to  Be  Accomplished 

In  short,  the  studies  completed  so  far 
in  animals  and  people  have  provided 
a  proof  of  principle.  They  indicate  that 
the  strategy  is  feasible,  yet  many  issues 
must  still  be  addressed, 

For  one,  the  amount  of  vaccine  made  J 
by  the  plants  is  low.  Production  can  be  o  , 
increased  In  different  ways— for  in-  ^ 
stance,  by  linking  antigen  genes  with  \ 

regulatory  elements  known  to  help  ^ 
switch  on  the  genes  more  readily.  As  re-  ) 

searchers  solve  that  challenge*  they  will /-  I  ^ 
also  havt  to  ensure  that  any  given  4-0 uvT 

of  a  vaccine  food  provides  a  pre-  J 
diaable  dose  of  antigen,  ( 

Efforts  are  also  under  way  to  enhance 
the  odds  that  antigens  will  interact  with 
thft  immune  system  instead  of  passing 
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One  strategy  involves  linking  antigens 
to  molecules  that  bind  readily  to  un-^ 
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mime  system  components  known  as  M  •</  w  r 
cells  in  the  intestinal  lining,  M  cells  take  nS  ^ 
in  samples  of  material  that  has  entered 
the  <mall  intestine  (including  pathogens) 
and  pass  them  to  other  cetli  of  the  im^ 
munc  system,  including  antigen-presem- 
ing  cells  and  B  lymphocytes  (the  anti* 

^body-producing  cells).  The  antigen-pre¬ 
senting  cells  chop  up  their  acquisitions 
and  display  the  resulting  protein  frag¬ 
ments  on  the  cell  surface  for  perusal  by 
white  blood  cells  called  helper  T  lym¬ 
phocyte  *,  If  the  T  lymphocytes  recog¬ 
nize  the  fragments  as  foreign,  they  help  .  L 
to  activate  the  B  lymphocytes  and  may/,  Wf 
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5.  caption  for  box: 

Golden  rice  (fop)  Is  yellower 

than  the  normal  grain 
(bottom):  the  beta  carotene 

that  makes  the  new  rice  more 


the  perceived  enemy.  /  vi>riUlpA 

It  turns  our  that  the  B  subunit  \ 

toxin  binds  readily  co  a  t & 

iHoIccule  on  M  cells  that  ushers  foreign  r\.  ca'A 
material  into  those  cells.  By  fusing  anti¬ 
gens  from  other  pathogens  co  this  sub-  /  ~ 

unit*  we  have  improved  the  uptake  of  ,  f  v  /  ° 

antigens  by  M  cells  and  have  enhanced  ’•  ^ 

immune  responses  to  the  added  antigens 
in  laboratory  rodents,  The  B  subunit 
also  tends  to  associate  with  copies  of  it¬ 
self,  forming  a  doughnut-shaped,  five- 
member  ring  with  a  hole  in  the  middle, 

These  features  raise  the  possibility  of 
producing  a  vatdne  that  brings  a  few 
different  antigens  to  M  cells  at  once— 
thus  fulfilling  an  urgent  need  for  a  vac-  ( 
cine  that  protects  against  multiple 

jaimulta  neously  of  the  B  sub-  f 1 

unitB  would  carry  one  kind  of  antigen* 
other  copies  would  carry  a  different 
antigen,  and  a  third  antigen  could  per¬ 
haps  be  tethered  to  a  plug  fit  into  the 
hole  at  the  center  (where  the  A  M$talk»M 
the  toxic  component,  normally  resides! 

Researchers  are  also  grappling  with 


the  reality  that  plants  sometimes  grow 
poorly  when  they  start  producing  large 
amounts  of  foreign  proteins,  One  solu¬ 
tion  would  be  to  deliver  to  plants  regu¬ 
latory  elements  that  cause  antigen  genes 
to  turn  on— give  rise  to  the  encoded 
antigens— only  at  selected  times  (such  as 
after  r  plant  is  nearly  fully  grown  or  is 
exposed  to  some  outside  activator  mole¬ 
cule)  or  only  in  its  cdibU  regions.  This 
work  is  progressing  well. 

Further  each  type  of  plant  poses  its 
own  challenges,  Potatoes  are  ideal  in 
many  ways  because  they  can  be  propa¬ 
gated  from  eyes  and  can  be  stored  for 
long  periods  without  refrigeration.  But 
they  usually  hove  to  be  cooked  to  be 
palatable,  and  heating  ««  denature 
protein*,  Indeed,  as  is  true  of  tobacco 
plant*,  potatoes  were  nor  initially  in¬ 
tended  to  be  used  as  vaccine  vehicles; 
they  were  studied  because  they  were 
easy  to  manipulate.  Surprisingly,  though, 
some  kinds  of  potatoes  arc  actually  eat¬ 
en  raw  by  certain  cultures.Jdso,  con¬ 
trary  to  expectations,  cookmgof  pota¬ 
toes  does  not  always  destroy  the  full 
complement  of  antigen.  So  potatoes 
may  have  more  practical  merit  that 
mostofusexpeettd. 

Bananas  need  no  cooking  and  are 
grown  widely  in  the  developing  nations, 
but  banana  trees  take  a  Ssmplfi-o£.yea» 
to  mature,  and  the  fruit  spoils  fairly  rap¬ 
idly  after  ripening.  Tomatoes  grow 
more  quickly  and  are  cultivated  broad¬ 
ly,  but  they  too  rot  read!]/.  Inexpensive 
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methods  of  preserving  these  foods- 

I?VSrcome  *» 

.  poilage  problem.  Among  the  other 

food  choices  under  consideration  are 
lettuce,  carrots,  peanuts,  rice,  wheat, 

corn  and  soybeans.  ’ 

In  another  concern,  scientists  need  to 
be  sure  that  vaccines  meant  to  enhance 
immune  responses  do  not  backfire  and 
Suppress  immunity  instead.  Research  , 
mto  a  phenomenon  called  oral  tolerance  / 
teaches  that  feeding  of  certain  protein./ 
can  at  times  cause  the  body  to  sKyc 
down  its  responses  to  those  proteiWfo 
Tetenfune  safe,  effecfivc'3S«saH3fed- 

mg  schedules  for  edible  vaccines,  manu¬ 
facturers  will  need  to  have  a  better  han¬ 
dle  on  the  manipulations  that  influence 
whether  an  orally  delivered  antigen  will 
stimulate  or  depress  immunity.  ] 

“  A Jinal  lisue  iffouli  studying  is  whether 
food  vaccinci  can  indirectly  vaccinate 
babies  who  are  too  young  for  anything 
but  breast  milk,  In  theory,  thc_mpthc. 
could  ingest  the  bananas  oi(wfiattvc 
triggering  production  of  antibodlST 
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would  tr^et  to  the  baby^C  VgESSf* 
milk.  Eating  one  or  hvo  bananas  in  a  least  of  the  bl^neon  investor  wor 


w. Dtt^u Hwrttn ifim sinn-li  ujhemikjaattrrrrrijtco.  Mewco,  Thepaiiems ol 
^ntect  migration  change  fistMja^tcliiOlini^im  tlLm-ihaiidn  atm  fevel.  Those  altej 
*10118  can  thus  serve  as  lif3icati>w«<  ffawtrchangn  UAitetsta  likely  m  txic  ‘  * 


Siting  might  be  sufficient. 

Nonsdentific  challenges  accompany 
the  technical  ones.  Most  pharmaceutical 
makers  shy  away  from  vaccines,  partly 
out  of  fear  over  lawsuits,  And  few  vac¬ 
cine  makers  are  eager  to  support  re¬ 
search  for  products  targeted  to  markets 
outside  the  lucrative  West.  International 
&id  organizations  arid  some  national  goy- 
emments  and  philanthropies  are  striving 
to  fill  the  gap,  but  the  effort  ,o  develop 
edible  vaccines  remains  underfunded. 

In  addition,  edible  vaccines  fall  under 
the  increasingly  unpopular  rubric  of 
“genetically  modified"  plants.  Recently 
a  British  company  (Axis  Genetics)  that 
wa*  supporting  studies  of  edible  vac¬ 
cines  wiled;  one  of  its  leaders  lays  at 


.*  - TW  - - -  U„  if  P  r  lyjiwt  *vwt 

ry  about  companies  involved  with  ge- 
netkany  engineered  foods.  I  hope,  how- 
«vw;  that  these  vaccines  will  avoid  seri¬ 
ous  controversy  because  they  are 
intended  to  save  live*  and  would  proba¬ 
bly  be  planted  over  much  less  acreage 
than  other  food  plants  (if  they  are  raised 
outside  of  greenhouses  flt  oil).  Also,  as 
drugs,  they  would  be  subjected  to  closer 
scrutiny  by  regulatory  bodies. 


Fighting  Autoimmunity 


Consideration  of  one  of  the  chal¬ 
lenges  detailed  abovc~the  risk  of 
inducing  oral  tolerance-has  recently 
led  my  group  and  others  to  pursue  edi¬ 
ble  vaccines  as  tools  for  quashing  au¬ 


toimmunity.  Although  oral  delivery  of 
antigens  derived  from  infectious  agents 
often  stimulate*  the  immune  system,  oral 
delivery  of  “autoantigens*  (proteins  de¬ 
rived  from  uninfected  tissue  in  a  treated 
individual)  can  sometimes  suppress  im¬ 
mune  activity—  a  phenomenon  seen  fre¬ 
quently  in  test  animals.  No  one  fully  un¬ 
derstands  the  reasons  for  this  difference. 

Some  of  the  evidence  that  ingesting 
autoantigens,  or  ^self-antigens^  might 
suppress  autoimmunity  comes  from 
studies  of  type  1  diabetes,  which  results 
from  autoimmune  destruction  of  the  in-^, 
sulin-prpducing  cells  (the  betacgllefST 
the  pflnqeAjLThis  destru^ofr^fogreas-  j 
ps  silently  pften  for  yeartTbcforc  tymp-CT' 
toms  ariseTEventually^ though,  the  loss  \ 
of  beta  cells  leads  to  a  drastic  shortage  ' 
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at  insulin,  a  hormone  needed  to  help 
cells  take  up  sugar  from  the  blood  for 
energy.  The  loss  results  in  high  blood 
sugar  levels  and,  if  left  untreated,  coma 
and  death.  Insulin  injections  help  to 
control  diabetes*  but  they  are  not  acusu- 
diabetics  face  an  elevated  risk joM<T3ncy  I 

^rrihl!^^nh^ho«,  ‘  mdeAd  J 

bo^gnigxcii^  and4*d*ewmplicatiomf, 

^In  the  part  15  years*  investigators  have 
identified  several  beta  cell  proteins  that 
can  elicit  autoimmuniey  in  people  pre¬ 
disposed  to  type  I  diabetes.  The  main 
culprits*  however*  are  a  protein  called 
GAD  (glutamic  add  decarboxylase)  and 
insulin.  Researchers  have  also  made 
progress  in  detecting  when  diabetes  is 
“brewing,”  The  next  step*  then,  is  to 
find  ways  to  stop  the  underground  pro¬ 
cess  before  any  symptoms  arise. 

To  that  end,  my  colleagues  and  I,  as 
well  as  other  groups,  have  developed 
plant-based  vaccines,  such  as  potatoes 
consisting  of  GAD  or  insulin  linked  to 
the  innocuous  D  subunit  of  the  cholera 
toxin  (to  enhance  uptake  of  the  antigens 
by  M  cells).  Feeding  of  the  vaccines  to  a  I 
moute  strain  that  becomes  diabetic  ' 
helped  to  suppress  the  immune  attack 
and  to  prevent  or  delay  the  onset  of 
high  blood  sugar- 

Transgenic  plants  cannot  yet  produce 
the  amounts  of  se!f-anrigen$  chat  would 
be  needed  for  a  viable  vaccine  against 
human  diabetes  or  other  autoimmune 
diseases.  But,  as  is  true  for  infectious 
diseases,  investigators  are  exploring  a 
number  of  promising  schemes  to  over¬ 
come  that  andotiie.g.challenges^.^^ — 

Even  though  the  precise  way  that  in¬ 
gestion  of  autoantigenx  leads  to  sup¬ 
pression  of  autoimmunity  is  murky,  im- 
munobiologists  have  proposed  some 
reasonable  explanations,  At  least  in 
fomc  instances,  the  display  of  self-anti¬ 
gens  by  intestinal  macrophages  seems  to 

Kentially  activate  a  subset  of  white 
cells  capable  of  suppressing  other 
immune  system  cells.  These  suppressor 
cells  then  travel  through  the  blood  to 
the  site  of  the  autoimmune  activity, 
jHiere  they  secrete  a  cocktail  of  small 
-  ^protelnrthat  force  their  rissue-destcoy- 
c  ing  cousins  to  quiet  down  [see  illrntra* 

\jjon  oh  pafie  001.  _ 

^Edible  vaccines  for  combating  au¬ 
toimmunity  and  infectious  diseases  have 
a  long  way  to  go  before  they  will  be 
ready  for  large-scale  testing  in  people. 
But  the  technical  obstacles  all  seem  sur¬ 
mountable.  Nothing  would  be  more 
satisfying  than  to  protect  the  health  of 
many  millions  of  now  defenseless  chil¬ 
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4,  Stopping  Autoimmunity  ^  itt  ■ 

AUTOIMMUNE  REACTION  responsible  for  type  I  diabetes  arises  when  the  .  "  •  . 
immune  system  mistakes  proteins  that  are  made  by  pancreatic  beta  cali^  d'?Ar''f>  * 
(the  Insulin  producers)  as  foreign.  The  resulting  attack,  targeted  to  the  d 
offending  protelne,  or  “autoantlgens,"  destroys  the  beta  cells  {left pane).  irvvo-r'vr5^ 

Eating  autoantigens  sometimes  quiets  the  process  In  diabetic  mice,  perhaps  6  ‘'K- 
in  part  by  switching  on  "suppressor"  cells  of  the  immune  system,  which  then  &\ 4cu*- 
represa  the  destructive  activities  of  their  cousins  (right  pans).  .  ,;j  I  t 
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Moving  Against  Malnutrition  [ROUGH  DRAFT  7/3] 


As  research  into  edible  vaccines  is  progressing,  so  too  are  gene-based  efforts  to  make 
foods  more  nutritious.  Like  those  vaccines,  certain  of  these  foods  are  being  devised  with 
the  developing  nations  in  mind — to  combat  malnutrition. 


|  One  entry  takes  aim  at  deficiencies  of  vitamin  A,  which  are  rampant  in  impoverished 

|  regions.  Lack  of  this  vitamin  can  lead  to  blindness  and  can  worsen  diarrhea  and  other 

|  diseases,  thereby  contributing  to  the  deaths  of  perhaps  two  million  children  each  year. 

|  Rice  would  be  a  convenient  way  to  deliver  the  needed  vitamin,  since  half  of  all  the 

|  people  on  earth  eat  it  daily  as  a  staple.  But  standard  forms  do  not  supply  it, 

|  ®ntcr  “golden”  rice,  which  contains  high  amounts  of  beta-carotene,  a  pigment  the 

\  body  converts  to  vitamin  A.  A  team  lead  by  Ingo  Potrykus,  of  the  Swiss  Federal  Institute 

of  Technology,  and  Peter  Beyer,  of  the  University  of  Freiburg  (Germany),  announced  its 
creation  this  past  January,  In  May  a  biotech  company,  Astra  Zeneca,  bought  the  rights 
and  agreed  to  distribute  the  seeds  at  no  cost  to  impoverished  nations  once  the  product  is 
perfected  and  fully  tested.  (Testing  is  expected  to  last  at  least  until  2003.) 

Related  research  is  seeking  ways  to  enrich  rice  with  other  vitamins  and  with  minerals, 
including  zinc  and  iron.  (More  than  2  billion  people  are  iron  deficient).  Investigators  are 
attempting  to  enrich  other  foods  as  well.  In  June,  for  instance,  a  group  of  British  and 
Japanese  investigators  reported  producing  tomatoes  that  contained  three  times  the  usual 
amount  of  beta  carotene. 

Not  everyone  is  thrilled  by  these  announcements,  however.  Some  opponents  of 
genetically  modified  crops  contend  that  malnutrition  can  be  combated  right  now  in  other 
ways,  say  by  constructing  supply  routes.  Further,  they  worry  that  companies  will  tout  the 
benefits  of  the  new  foods  to  deflect  attention  from  worries  over  other  genetically 
modified  crops,  most  of  which  so  far  offer  few  clear  advantages  for  consumers  (such  as 
plants  designed  to  resist  damage  from  pesticides).  High  on  the  list  of  concerns  are  risk  to 
the  environment  and  to  people, 

Supporters  of  the  new,  nutritionally  improved  foods  hope,  however,  that  the  rice  won’t 
<^7  be  thrown  out  with  the  rinse  water.  -Rickt  Rusting,  stetff  writer 
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Introduction 


The  goal  of  our  NMTB  subcontract  remains  determination  of  the  feasibility  of  a  novel  vaccine 
production  and  delivery  system  employing  edible  plant-delivered  mucosal  vaccine  technology  to 
protect  our  armed  forces  personnel  and  indigenous  civilian  population  from  the  enteric  diseases 
cholera,  enterotoxigenic  E.  coli  (ETEC)  and  rotavirus  which  cause  extensive  mortality  when  the 
social  infrastructure  of  a  country  is  fragmented  during  natural  disaster,  or  political  unrest. 

Subcontract  Outline 


The  specific  goals  of  our  subcontract  for  the  5th  report  are: 

•  Construction  of  plant  expression  vectors  containing  fusion  proteins  between  the  cholera  toxin 
A  or  B  subunits  (CTA2  and  CTB),  with  the  ETEC  fimbrial  antigen  CFA/I  or  the  rotavirus 
capsid  VP2,  VP6  and  NSP4  enterotoxin  antigen  proteins.  (This  goal  was  completed  during 
the  six  month  no  cost  extension  following  the  first  funding  cycle). 

•  Construction  of  plant  expression  vectors  containing  the  rotavirus  capsid  protein  genes  VP2 
and  VP6  together  in  the  same  vector  and  in  individually  in  separate  vectors  to  determine  the 
most  effective  combination  for  vaccine  delivery.  (This  goal  was  completed  during  the  six 
month  no  cost  extension  following  the  first  funding  cycle). 

•  Transformation  of  potato  tissues  and  detection  of  assembly  of  CTB-NSP4  antigen  fusion 
protein  and  CTA2-CFA/I  antigen  fusion  protein  oligomeric  cholera  holotoxin-like  protein 
complexes  in  regenerated  transformed  potato  plants.  (Construction  of  the  vectors, 
transformation  and  regeneration  of  transformed  plants  and  expression  studies  completed  at 
the  end  of  the  six  month  no  cost  extension  period  following  the  first  funding  cycle). 

•  Generation  of  empty  virus  capsids,  rotavirus-like  particles  (VLP’s)  in  transformed  tuber  cells 
and  detection  of  the  VLP’s  in  transformed  plant  extracts  by  electron  microscopy. 
(Immunoblot  and  ELISA  evidence  indicated  that  the  rotavirus  VP2  and  VP6  capsid  proteins 
are  synthesized  at  the  level  of  approximately  0.01%  of  total  soluble  plant  protein.  Electron 
microscopic  detection  of  VLPs  showed  the  presence  of  tubular  structures  frequently  observed 
in  rotavirus  capsid  protein  transformed  plant  tissues  which  are  evidence  of  low  cell  levels  of 
capsid  protein  synthesis.  During  the  final  quarter  of  the  second  funding  cycle  sucrose  gradient 
separation  methods  will  be  used  to  concentrate  VLP  structures  which  may  be  present  at  low 
levels  in  transformed  plant  extracts.  Concentration  of  the  VLPs  may  permit  detection  by 
transmission  electron  microscopy). 

•  Determination  of  CTA2  and  CTB-antigen  fusion  protein  levels  generated  in  leaf  and  tuber 
tissues  of  the  developing  transgenic  potato  plants.  (During  the  later  part  of  the  first  year 
and  the  first  quarter  of  the  second  funding  year,  using  chemiluminescent  ELISA  and 
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immunoblot  methods,  we  were  able  to  detect  both  the  CFA/I-  CTA2  and  CTB-NSP4  fusion 
proteins  in  transformed  potato  plant  extracts.  Since  potato  is  easier  to  regenerate  than 
tomato,  it  was  adopted  as  the  plant  of  choice  for  initial  multiple  antigen  plant  vaccine  “proof 
of  concept”  experiments). 

•  Serum  and  intestinal  IgA  and  IgG  antibody  titers  against  CTB-NSP4,  CTA2-CFA/I  and  VP6 
were  measured  in  orally  immunized  CD-I  outbred  mice  by  chemiluminescent  ELISA 
methods.  The  mice  were  fed  transgenic  potato  tuber  tissues  expressing  CTB-NSP4  and 
CTA2-CFA/I  fusion  proteins  for  targeting  fusion  antigens  to  intestinal  M  cells  mediated  by 
cholera  toxin  B  subunit-antigen  fusion  protein  pentameric  complexes  (This  work  completed 
during  the  third  and  fourth  quarters  of  the  second  year  funding  period,  showed  significant 
measurable  levels  of  IgG  and  IgA  antibody  titers  in  the  mice  which  remained  up  to  56  days 
following  the  last  immunization.  No  antibody  titers  were  detected  in  unimmunized  mice). 

•  The  protective  efficacy  generated  by  plant  delivered  CTB-NSP4  fusion  protein,  mouse  pups 
passively  immunized  in  utero  by  oral  immunization  of  the  dams  with  transformed  tuber 
tissues  was  determined  by  challenging  the  passively  immunized  mouse  pups  with  simian 
rotavirus  SA-1 1 .  (These  experiments  were  completed  during  the  current  funding  cycle  and 
a  show  a  significant  protective  effect  against  development  of  diarrhea  symptoms  in  the 
passively  immunized  mouse  pups.  A  manuscript  is  currently  under  construction  to 
demonstrate  the  protective  efficacy  in  the  immunized  pups  and  will  be  submitted  for  NMTB 
approval  before  the  deadline  of  the  final  report). 

•  Protection  against  rotavirus  infection  in  adult  mice  immunized  with  VP6  capsid  protein  can 
be  determined  by  measurement  of  reduction  in  rotavirus  shed  following  rotavirus  challenge. 
(Unfortunately,  the  virus  shed  experiments  are  not  trivial  to  perform,  a  concept  also 
reinforced  by  our  prospective  collaborator  Dr.  Harry  Greenberg,  Department  of  Urology, 
Stanford  University).  The  virus  shed  experiments  require  antisera  which  are  available  only 
in  Dr.  Greenberg’s  laboratory.  Therefore  due  to  the  complexity  of  the  VP6  virus  shed 
experiments,  coupled  with  the  lack  of  a  detailed  protocol  from  Dr  Greenberg  and  finally  the 
lack  of  funds  to  carry  out  the  experiments  in  Dr.  Greenberg’s  laboratory,  as  well  as  the 
inability  to  obtain  a  second  no-cost  extension,  we  will  be  unable  to  complete  the  virus  shed 
experiments  during  this  funding  cycle). 

•  The  protective  efficacy  of  serum  and  mucosal  anti-CFA/I  antibody  can  be  determined  by 
measuring  bacterial  adhesion  in  mammalian  cell  culture  infected  with  ETEC.  (The  ETEC 
binding  protection  efficacy  experiments  were  not  initiated  during  the  current  funding  cycle 
due  to  the  small  amounts  of  CFA/I  antigen  detected  in  transformed  plant  extracts  by  the 
relatively  insensitive  antiserum  previously  acquired  from  our  colleagues.  However,  new  anti- 
CFA/I  antibodies  recently  prepared  commercially  against  the  CFA/I  protein  can  reliably 
detect  CFA/I  at  levels  from  0.001  to  0.05%  of  total  soluble  protein.  Thus,  we  know  that 
CFA/I  protein  is  generated  in  the  transformed  potato  plants.  Since  we  know  that  from  earlier 
studies  in  the  literature  that  the  small  amounts  of  CFA/I  protein  produced  in  the  transformed 
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plants  would  be  unlikely  to  provide  measurable  results  in  the  ETEC  binding  experiments,  an 
alternative  approach  was  taken  to  determine  the  protective  efficacy  of  the  CFA/I  protein. 
Cytokine  analysis  of  splenocytes  isolated  from  mice  immunized  with  CTB,  NSP4  and  CFA/I 
and  stimulated  with  the  purified  homologous  antigen  will  provide  information  on  the  type  of 
T  lymphocyte  response  (Thl  or  Th2  and  or  cytotoxic  T  lymphocyte),  generated  by  oral 
immunization  with  plant-based  antigens  (While  these  experiments  were  not  a  part  of  the 
original  subcontract  goals,  they  were  considered  to  be  an  alternative  approach  to  gathering 
immunological  information  on  protective  efficacy  of  our  plant  based  vaccines  when  small 
amounts  of  the  antigen  were  synthesized  in  the  plant.  These  experiments  have  been  partially 
completed  and  a  manuscript  is  presently  under  construction  pending  conformation  of  the 
initial  experimental  results). 

Protection  against  cholera  toxin  induced  diarrhea  is  measured  by  reduction  in  ileal  loop  fluid 
retention  in  mice  immunized  with  plant  delivered  CTB  and  has  demonstrated  a  positive  result 
in  of  diarrhea  reduction  in  previous  experiments  by  Arakawa  et.  al.  1998  (1).  Since  the 
amounts  of  CTB  protein  produced  in  the  CTB-NSP4  fusion  protein  were  several  times 
greater  than  the  amounts  of  CTB  generated  in  previous  experiments  we  have  decided  not  to 
repeat  the  ileal  loop  CTX  inoculation  experiments  based  on  the  judgement  that  we  are  likely 
to  obtain  similar  data  and  results  as  obtained  in  the  previous  experiments  and  we  could  avoid 
additional  unnecessary  pain  to  the  immunized  experimental  animals. 

Fluorescent  antibody  cell  staining  flow  cytometric  analysis  (FACS)  experiments  have  been 
initiated  with  unstimulated  and  antigen  stimulated  splenocytes  isolated  from  unimmunized  and 
orally  immunized  mice.  These  experiments  while  not  originally  a  part  of  the  subcontract  will 
provide  us  with  quantitative  information  on  the  relative  numbers  of  CD4+  or  CD8+  T 
lymphocytes  generated  in  response  to  the  plant-delivered  antigens.  This  information  will  be 
indicative  of  the  extent  of  T  cell  help  and  cytotoxic  T  cell  (CTL),  amplification  as  well  as 
providing  information  on  the  presence  of  memmory  cells  generated  in  response  to  plant-based 
mucosal  immunization^  Although  these  FACS  experiments  were  not  originally  a  part  of  our 
subcontract  agreement,  they  compliment  the  splenocyte  cytokine  analysis  providing  a 
quantitative  measurement  of  protective  efficacy  of  plant-based  mucosal  immunization  and  are 
currently  underway.  The  information  obtained  will  be  presented  in  manuscript  form  prior  to 
the  end  of  the  second  years  subcontract  funding  cycle). 


Body 


During  the  course  of  our  first  two  NMTB  subcontract  funding  cycles,  we  constructed  a 
variety  of  plant  expression  vectors  containing  cDNAs  encoding  cholera  A  and  B  subunit,  rotavirus 
capsid  and  enterotoxin  epitope  peptides  and  an  ETEC  fimbrial  antigen.  During  the  first  funding  cycle 
and  the  following  6  month  no-cost  extension,  we  succeeded  in  transforming  and  regenerating 
transformed  potato  plants  synthesizing  the  cholera  toxin  B  subunit-rotavirus  enterotoxin  22  aa 
epitope  fusion  protein  (CTB-NSP4),  the  cholera  toxin  A2  subunit  -ETEC,  fimbrial  antigen  fusion 
protein  (CTA2-CFA/I)  (1).  During  the  six  month  no-cost  extension  following  the  first  funding  cycle 
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we  constructed  two  additional  plant  expression  vectors  containing  the  auxin  up  regulated  mannopine 
synthase  dual  P1,P2  promoters  (2,3),  mas  P2-  VP2  and  mas  P1-VP6  rotavirus  capsid  protein- 
promoter  fusions  expressed  together  in  the  same  vector  or  mas  P2-VP6  alone,  for  the  purpose  of 
studying  self-assembly  of  capsid  proteins  into  multi  capsid  virus-like  antigenic  particles  (VLPs). 
Transformed  potato  plants  generated  quantifiable  levels  of  antigen  (4,5).  During  the  second  year 
funding  cycle,  SA-1 1  rotavirus  challenge  experiments  conducted  with  passively  immunized  CD-I 
mouse  pups  indicated  that  anti-NSP4  IgG  and  IgA  antibodies  produced  in  adult  mice  immunized  with 
NSP4  antigen  protein  containing  tuber  tissues  were  able  to  provide  significant  passive  protection  of 
their  offspring  against  development  of  rotavirus  induced  diarrhea.  We  have  raised  antiserum  with  high 
sensitivity  and  specificity  for  CFA/I  subunit  protein.  This  antiserum  has  permitted  us  to  detect 
significant  levels  of  CFA/I  protein  in  transformed  tuber  tissues.  The  tuber-synthesized  CFA/I  antigen 
induced  detectable  antibody  levels  in  orally  immunized  mice. 

To  circumvent  time  consuming  cell  culture  and  animal  efficacy  experiments  while 
obtaining  similar  information  on  the  protective  efficacy  of  our  plant  based  multicomponent  vaccines, 
we  decided  to  substitute  for  pathogen  challenge  experiments,  immunized  animal  splenocyte  assays 
to  detect  the  protective  efficacy  of  our  multicomponent  plant-based  vaccines.  During  the  later  part 
of  the  present  second  year  funding  cycle  we  have  performed  splenocyte  cytokine  analysis  and  flow 
cytometry  experiments  not  previously  outlined  in  our  subcontract,  to  shed  light  on  the  nature  of  the 
plant-based  vaccine  protective  response.  We  have  isolated  splenocytes  from  mice  orally  immunized 
with  tuber  tissues  generating  CTB,  NSP4  and  CFA/I  antigens.  The  splenocytes  were  separated, 
transferred  into  cell  culture  and  challenged  with  CTB,  NSP4  or  CFA/I.  Following  antigen  challenge, 
the  cytokines  produced  by  the  challenged  splenocytes  were  isolated  and  quantified.  The  results  of 
these  splenocyte  challenge  experiments  revealed  significant  increases  in  IL-2  and  INF-gamma 
cytokine  levels  and  reduced  IL-4  cytokine  levels  in  comparison  with  the  control  unimmunized 
animals.  This  result  provides  conclusive  evidence  of  the  presence  of  Thl  helper  lymphocyte  mediated 
immunity  against  each  of  the  plant  delivered  antigens. 

The  first  flow  cytometry  analysis  experiments  on  spleen  cells  from  immunized  mice  have 
shown  the  presence  of  significant  CD4+  memory  cell  populations  in  the  plant  vaccine  immunized 
animals.  The  flow  cytometry  experiments  will  be  continued  to  the  end  of  the  second  funding  cycle 
and  a  manuscript  describing  the  nature  of  the  multicomponent  plant  vaccine  immune  response  at  the 
cellular  level  will  be  constructed  to  show  the  extent  of  the  protective  immune  response  generated  by 
the  multicomponent  plant-based  vaccines  produced  in  potato. 

Following  application  of  specific  antibodies  against  purified  CFA/I  protein,  we  were  able  to 
detect  CTA2-CFA/I  fusion  protein  association  with  the  CTB-NSP4  pentamer  in  transformed  plant 
extracts.  This  result  suggests  the  synthesis  and  assembly  of  a  cholera  holotoxin-like  molecule  in  the 
transformed  plant  tissues.  In  recent  experiments  not  previously  described  in  our  subcontract,  we  were 
able  to  demonstrate  synthesis  and  assembly  of  the  cholera  toxin  CTA  and  CTB  subunits  in 
transformed  potato  cells  (6).  Toxicity  contributed  from  the  CTA1  subunit  was  not  detected  in  the 
transformed  plants  which  grew  normally  and  set  tubers  in  a  normal  fashion.  This  result  could  be 
possibly  associated  with  the  low  level  of  expression  from  the  mas  promoters  in  the  absence  of 
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exogenous  auxin  stimulation.  The  apparent  assembly  of  cholera  holotoxin  (CTX)  (7),  in  plant  cells 
is  a  land  mark  experiment  which  in  the  future,  may  permit  us  to  increase  the  number  of  antigenic 
proteins  the  plant  can  deliver  to  the  GALT.  A  provisional  patent  application  was  constructed  based 
on  the  production  of  enterocyte  targeted  antigen  fusion  proteins  in  edible  plants  for  protection  against 
infectious  diseases  was  filed  with  the  US  patent  office  by  Loma  Linda  University  in  the  early  part  of 
the  second  funding  cycle  to  protect  this  intellectual  property  for  the  NMTB. 

Conclusions 


We  have  demonstrated  that  individual  transformed  potato  plants  are  able  to  synthesize 
quantifiable  amounts  (from  0.001  to  0.3%  of  total  soluble  protein),  of  two  or  three  antigens  which 
provide  a  mucosal  immune  response  (antibody  formation  or  T  cell  help),  against  cholera  toxin,  CFA/I 
the  ETEC  fimbrial  antigen,  the  rotavirus  capsid  protein  VP6  and  the  rotavirus  NSP4  enterotoxin  22 
amino  acid  epitope.  Mouse  oral  immunization  experiments  with  transformed  tuber  tissues 
demonstrated  significant  mucosal  and  serum  antibody  titers  against  all  three  pathogen  proteins. 
Cytokine  analysis  of  antigen  stimulated  splenocytes  from  immunized  mice  showed  plant  delivered 
antigens  generated  a  strong  Thl  helper  cell  response.  FACS  phenotype  analysis  of  the  splenocytes 
indicated  the  presence  of  cytotoxic  lymphocytes  (CTL’s)  and  protective  memory  cells.  Rotavirus  and 
cholera  challenge  experiments  have  demonstrated  protection  against  cholera  toxin  and  rotavirus  toxin 
symptom  development  in  immunized  mice.  Thus,  even  in  the  light  that  only  small  amounts  of  antigen 
can  be  produced  in  plants,  targeting  of  the  antigen  protein  to  the  mucosal  immune  system  permits  the 
generation  of  useful  vaccines  against  single  antigens  in  plants  and  indicates  that  the  production  of 
multiple  vaccine  antigens  in  individual  food  plants  is  clearly  a  feasible  goal.  Experiments  not 
previously  part  of  the  subcontract  recently  demonstrated  that  the  cholera  toxin  A  subunit  can  be 
synthesized  and  assembled  with  cholera  toxin  B  subunit  pentamers  in  the  plant  to  form  a  structure 
immunologically  identical  to  the  holotoxin.  Further,  we  have  demonstrated  that  CFA/I-CTA2  fusion 
protein  is  synthesized  in  transformed  potato  tuber  tissues  and  appears  to  assemble  with  the  CTB- 
NSP4  pentamer  in  the  plant  to  form  a  holotoxin-like  hetero-oligomeric  molecule  indicating  the 
feasibility  of  generating  enterocyte  targeted  multi  subunit  complexes  capable  of  delivering  three  or 
more  antigens  to  the  GALT.  The  most  significant  impediment  to  plant  vaccine  development  remains 
the  relatively  low  amounts  of  antigen  protein  (0.001%  to  0.3%  of  total  soluble  protein)  synthesized 
in  the  plant.  These  low  levels  of  antigen  in  combination  with  concomitantly  low  levels  of  antibodies 
generated  by  mucosal  immunization  methods  could  result  in  the  lower  levels  of  protective  secretory 
antibody  synthesis  following  oral  immunization  seen  in  comparison  with  parenteral  introduction  of 
antigens. 

To  establish  a  baseline  for  estimating  the  contribution  of  alternative  methods  for  increasing 
plant  based  vaccine  protection  against  the  three  enteric  pathogens,  antigen  dose  -  immune  response 
curves  should  be  generated.  However,  these  experiments  are  presently  beyond  the  time  available 
during  the  second  year  of  our  subcontract.  To  increase  the  protective  efficacy  of  our  plant  based 
vaccines,  in  addition  to  increasing  the  synthesis  of  antigen  protein  in  plant  tissues,  methods  could  be 
explored  to  increase  the  delivery  of  available  antigen  to  the  GALT  eg.,  through  specific  targeting  of 
antigens  to  receptor  molecules  on  the  intestinal  cell  surface  or  through  adjuvant  stimulated 
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immunogenicity  of  individual  or  multicomponent  plant  synthesized  antigens  (8).  Information  gathered 
from  the  enterocyte  targeting  and  adjuvant  enhancement  experiments  will  continue  to  increase  the 
protective  efficacy  of  plant-based  vaccines  and  will  facilitate  health  care  delivery  for  military 
personnel  and  provide  increased  protection  against  infectious  enteric  diseases  for  civilian  populations 
in  economically  emerging  countries. 
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Patents  and  Publications 


No  new  patent  applications  have  been  applied  for  since  the  fourth  progress  report  was 
submitted  as  the  multicomponent  plant-based  vaccines  are  currently  protected  under  the  priority  date 
established  by  the  Provisional  Patent  Application  entitled  “Production  of  a  Cholera  Toxin  B  Subunit- 
Rotavirus  NSP4  Enterotoxin  Fusion  Protein  in  Potato”  submitted  to  the  US  patent  office  in  January 
2000  (see  report  #  4).  This  data  has  been  condensed  into  two  manuscripts  which  the  NMTB  gave 
the  authors  permission  to  publish.  We  have  now  submitted  the  first  manuscript  with  Dr  Chong  as 
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principal  author,  (Appendix  II,  fourth  quarterly  report.),  presenting  our  data  on  the  cloning,  synthesis 
and  assembly  of  the  cholera  A  and  B  subunits  in  potato  plants  which  has  been  sent  to  the  journal 
Transgenics.  The  second  manuscript  with  a  senior  graduate  student  Mr.  Jie  Yu  as  the  senior  author 
describes  the  basis  for  expression  of  three  antigens  in  an  enterocyte  targeted  vaccine  molecule, 
presents  our  data  on  construction  of  multicomponent  vaccine  plant  expression  vectors,  the 
transformation  of  potato  leaf  explants  with  these  vectors  and  the  regeneration  of  transformed  potato 
plants.  The  measurement  of  multicomponent  vaccine  protein  expression  levels  in  regenerated 
transformed  potato  plant  leaf  and  tuber  tissues  is  also  described  (Appendix  III,  fourth  quarter  report). 
Permission  was  given  from  the  NMTB  to  publish  this  manuscript  and  it  has  been  sent  to  the  journal 
Transgenics.  We  recently  heard  from  the  editor  that  the  manuscript  has  been  accepted  and  we  expect 
to  see  publication  of  this  information  within  the  next  several  months.  A  manuscript  approved  earlier 
for  publication  by  the  NMTB  dealing  with  the  construction  and  expression  in  the  plant  of  the  CTB- 
NSP4  fusion  protein  was  not  submitted  for  publication  due  to  the  desire  to  obtain  a  provisional  patent 
covering  this  intellectual  property  before  it  became  public  domain.  This  manuscript  has  been  recently 
sent  for  publication  to  the  Journal  Transgenics.  A  fourth  manuscript  describing  the  protective 
efficacy  of  the  plant  generated  multicomponent  vaccine  incorporating  the  results  of  the  passive 
immunization  experiments  against  rotavirus  infection,  the  splenocyte  cytokine  assays  demonstrating 
protective  efficacy  against  CTB,  NSP4  and  CFA/I  antigens  and  the  fluorescent  cell  sorting 
experiments.  This  manuscript  is  in  the  second  draft  stage  and  will  be  submitted  to  the  NMTB  for 
consideration  regarding  publication  in  early  October.  Due  to  the  ground  breaking  information 
contained  in  this  work,  we  intend  to  submit  this  manuscript  to  the  journal  Nature  biotechnology. 
Finally,  The  PI  was  asked  to  write  a  feature  article  on  edible  plant  based  vaccines  for  Scientific 
American  for  the  October  issue.  The  NMTB  gave  conditional  approval  for  publication  of  this  article 
provided  that  the  proper  disclaimer  was  added  to  the  manuscript  prior  to  publication.  The  article  was 
published  in  the  September  issue  of  Scientific  American  with  the  appropriate  disclaimer.  The  principal 
investigator  will  provide  a  copy  of  the  Scientific  American  article  to  the  NMTB  office  as  soon  as 
Scientific  American  provides  the  author  with  the  requested  reprints. 
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INTRODUCTION 

This  contract  provides  funds  for  the  development  of  methods  to  introduce  proteins  into 
cells  to  reversibly  regulate  cellular  processes  such  as  proliferation  and  differentiation. 
The  basic  technology  involves  the  development  of  cell-permeabilization  sequences, 
which  will  allow  the  delivery  of  exogenous  proteins  to  various  intracellular  locations. 

The  original  aim  was  to  identify  proteins  that  could  permit  the  expansion  of 
hematopoietic  progenitor  cells  in  culture.  The  use  of  exogenous,  cell-permeable 
proteins  (“vecteins”)  would  avoid  genomic  modification,  such  as  would  occur  with  typical 
gene  therapy  methods.  Additional  aims  were  to  identify  methods  for  delivery  of 
exogenous  proteins  directly  to  the  plasma  membrane.  These  methodologies  probably 
do  not  have  a  role  in  telemedicine,  and  are  not  derived  from  known  defense 
technologies. 

SPECIFIC  AIMS/OBJECTIVES 

The  funded  proposal  had  three  specific  aims: 

1 .  Specific  Aim  #1 .  Produce  a  variety  of  Bcl-2  vecteins  that  incorporate 
different  vector  sequences.  Create  an  artificial  protein,  similar  to  the 
human  Bcl-2  protein,  which  can  enter  cells.  The  protein  would  be  produced 
by  standard  molecular  engineering  methods  in  bacteria. 

2.  Specific  Aim  #2.  Evaluate  Bcl-2  vecteins  for  their  ability  to  inhibit  cell 
death  in  a  primitive  hematopoietic  cell  line.  Determine  if  the  cell- 
permeable  Bcl-2  protein  can  enter  mouse  white  blood  cells  and  prevent  their 
death. 

3.  Specific  Aim  #3.  Develop  novel  vector  sequences  that  may  confer  on 
vecteins  the  ability  to  accumulate  in  different  intracellular  locations. 

Create  methods  for  delivering  foreign  proteins  to  the  cell  surface  following 
addition  of  the  protein  to  the  culture  medium,  as  well  as  an  improved  vector 
sequence  for  nuclear  targeting  of  proteins.  These  tools  may  expand  the 
range  of  transforming  proteins  we  can  introduce  into  cells  to  effect  reversible 
immortalization. 


WORK  ACCOMPLISHED  (12/01/99  -  6/01/00) 

Substantial  progress  has  been  made  during  the  initial  six  month  funding  period  on  all  of 
the  specific  aims  outlined  in  the  original  proposal  (see  page  12/section  A1-3  of  research 
plan).  Multiple  bacterial  expression  plasmids  have  been  constructed  in  the  process  of 
exploring  specific  aims  #1 , 2  and  biologically  active  proteins  are  being  produced  and 
evaluated.  Specific  aim  #3b  has  been  essentially  completed.  Specific  aim  #3a,  the 
construction  of  a  bacterial  expression  plasmid  incorporating  our  “CTCF”  vector 
sequence,  has  been  incorporated  into  studies  to  develop  a  new,  modular  protein 
construction  system,  and  will  be  part  of  our  02  year  proposal.  During  the  remaining  six 
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months  of  the  01  year  we  will  focus  on  additional  biologic  studies  under  specific  aim  #1 , 

2,  and  expect  to  demonstrate  production  of  cell-permeable  vecteins  which  can  mediate 
both  gain-of-function  and  loss-of-fu notion  phenotypes  in  murine  hematopoietic  cell  lines. 

1.  Specific  Aim  #1.  Produce  a  variety  of  Bcl-2  vecteins  that  incorporate 
different  vector  sequences.  This  specific  aim  incorporated  the  construction  of  a  new 
bacterial  expression  plasmid  for  N-  or  C-terminal  vector  fusions,  and  the  use  of  this 
plasmid  to  produce  human  Bcl-2  protein  in  cell  permeable  form  (Bcl-2  “vectein”). 

a.  Creation  of  pOMNITAT,  a  versatile  bacterial  expression  vector  for  production  of  cell- 
permeable  proteins.  Our  original  expression  plasmids  only  permitted  C-terminal 
fusions,  and  the  Bcl-2  protein,  which  was  our  initial  protein  of  interest,  contained  a  C- 
terminal  transmembrane  domain  that  was  necessary  for  biologic  activity.  The 
bacterial  expression  plasmid  pET15b  (Novagen)  was  modified  by  insertion  of  an 
alternate  polylinker,  which  containing  the  1 1 -amino  acid  HIV-Tat  vector  sequence 
(Fig.  1).  The  new  DNA  sequences  were  produced  as  synthetic  oligonucleotides 
(sense  and  antisense),  which  were  annealed  in  vitro,  then  ligated  into  the  cut 
plasmid  between  the  Nde  I  and  Bam  HI  ( Bgl  II)  sites. 

Nde  I  Sail  Sac  I  11 -aa  HIV-Tat  Xho  I  Asc  I  Sma  I  Not  I  Bgl  II 

i - n - n - n - ri - Ft  FT — Fi  F  i - r 

5'.. . cat atg gtc  gac  gag  etc  tac  ggt cgt aaa  aag  cgt egg  cag  cgt cgt cgt  etc  gag  geg  ege  ccg  ggc  ggc  ege  taa  gat  ct . . .  3' 

Fig.  1.  Polylinker  region  of  pOMNITAT.  Nde  I  and  Bgl  II  (BamHI)  sites  identify  the  ligation  sites  to  the  pETI  5b 
backbone. 

The  resulting  plasmid,  pOMNITAT  has  new  5’  and  3’  restriction  sites  for  insertion  of 
cDNAs.  The  former  include  Sal  I  and  Sac  I  sites,  while  the  latter  are  Xho  I,  Asc  I, 

Sma  I,  and  Not  I.  In  addition,  the  many  arginine  codons  in  the  HIV-Tat  vector 
sequence  have  been  optimized  for  bacterial  usage. 

b.  Expression  of  cell-permeable  Pim-1  proteins  as  alternatives  to  Bcl-2  vecteins.  Our 
original  intention  was  to  use  Bcl-2  as  a  model  protein  to  demonstrate  the  ability  of 
appropriate  cell-permeable  proteins  (vecteins)  to  inhibit  cell  death  in  hematopoietic 
cells.  However,  we  have  been  unable  to  express  Bcl-2  vecteins  when  prepared  in 
pOMNITAT  as  N-terminal  fusions  with  the  HIV-Tat  vector  sequence.  This  failure 
appears  due  to  toxicity  of  the  recombinant  protein  for  the  host  bacteria.  The  toxicity 
results  from  the  presence  of  the  C-terminal  transmembrane  domain  of  the  wild-type 
Bcl-2  sequence,  since  bcl-2  cDNAs  lacking  this  sequence  are  expressed  well. 
However,  this  transmembrane  region  is  needed  for  full  biologic  activity.  Thus  Bcl-2 
protein  appears  to  show  the  same  difficulties  with  bacterial  expression  that  other 
transmembrane  proteins  exhibit.  Colleagues  who  are  interested  in  cell  permeable 
proteins  have  recently  reported  to  us  their  failure  to  express  full-length  Bcl-2  protein 
in  cell-permeable  form  (Steve  Dowdy,  Washington  University,  personal 
communication).  Because  of  the  potential  importance  of  membrane-targeted 
proteins  we  are  taking  steps  to  develop  efficient  methods  for  production  of  these 
proteins  in  recombinant  form  (see  below,  and  proposal  for  02  year  funding).  In  the 
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meantime,  however,  we  have  proceeded  to  investigate  alternative  proteins  for  use  in 
a  cell  death  model,  to  demonstrate  the  feasibility  of  death-  and  differentiation- 
inhibiting  vecteins. 

We  have  recently  reported  that  the  pim-1  gene  product  inhibits  death  in 
hematopoietic  cells  through  a  bcl-2  dependent  mechanism  T  Because  pim-1  can 
apparently  regulate  bcl-2  expression  and  acts  through  bcl-2  to  inhibit  cell  death,  we 
have  begun  to  produce  Pim-1  vecteins  to  “side  step”  the  troublesome  issues  of 
production  of  Bcl-2  vecteins,  while  producing  a  similar  biologic  effect.  To  this  end 
we  have  begun  to  prepare  a  series  of  Pim-1  vecteins,  to  include  both  wild  type  and 
dominant  negative  forms.  The  later  is  based  on  an  N-terminal  truncation  of  the  wild- 
type  sequence  (NT81;  Fig.  2)1.  We  have  made  initial  bacterial  expression  constructs 
for  the  active  and  inactive  forms  of  Pim-1  using  our  original  plasmids  pMTS  and 
pTAT.  These  express  recombinant  proteins  with  C-terminal  vector  domains.  The 
pMTS  plasmid  affixes  a  12-amino  acid  hydrophobic  vector  sequence  found  in 
keratinocyte  growth  factor 2  while  pTAT  fuses  a  30-amino  acid  polybasic  sequence 
derived  from  the  HIV-Tat  protein3. 


Fig.  2.  Pim-1  vectein  proteins.  6-His  =  purification  motif;  TC  =  thrombin  cleavage  site;  wild-type  Pim-1  =  human  33kd 
protein  sequence;  dom.  neg.  Pim-1  =  NT  81  mutant  pim-1  sequence;  MTS  =  hydrophobic  vector  (cell  penetration) 
domain;  HIV-Tat  =  polybasic  vector  (cell  penetration)  domain. 


Unlike  the  Bcl-2  vectein  constructs,  each  of  these  four  recombinant  proteins  were  easily 
produced  in  quantity  (several  milligrams/liter;  Fig.  3).  However,  all  were  almost 


106kd~l 
84 — I 


Fig.  3.  Expression  of  recombinant  human  Pim-1  proteins  that 
lack  (rhPim-1)  or  contain  (rhPim-1/Tat)  HIV-Tat  vector 
sequences.  Proteins  were  expressed  in  bacteria,  and  the 
purified  proteins  were  purified  by  metal  chelate  affinity 
chromatography.  SDS:PAGE,  stained  with  Coomasie  Blue  stain. 
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exclusively  insoluble.  Protein  could  be  solubilized  and  purified  easily  under  denaturing 
conditions  (8M  urea  or  6M  guanidine  HCI),  but  when  transfer  to  a  physiologic  buffer  was 
attempted,  near-quantitative  precipitation  occurred.  We  tried  a  variety  of  methods  to 
produce  a  degree  of  solubility,  such  as  renaturation  on  metal  chelate  resin,  rapid  or  slow 
buffer  exchange  by  dialysis  or  desalting  columns  in  the  presence  or  absence  of  carrier 
proteins,  glycerol,  or  non-detergent  sulfabetaines.  Because  of  persistent  failures  to 
solubilize  the  purified  protein,  we  explored  the  effect  of  molecular  variants.  Initially  two 
additional  constructs  were  prepared.  These  fused  the  dominant-negative  NT81  Pim-1 
mutant  cDNA  or  a  full-length  Pim-1  protein  cDNA  to  a  N-terminal,  shortened  HIV-Tat 
sequence,  using  an  expression  plasmid  described  by  Dowdy’s  group  at  Washington 
University  (Fig.  4)4.  This  plasmid  differs  from  our  original  Tat  plasmid  in  that  the  vector 
sequence  is  shorter  (1 1  amino  acids  compared  to  30  in  our  construct)  and  is  exclusively 
expressed  as  an  N-terminal  fusion. 


6-His 

TC 

HIV-Tat 

dom.  neg.  Pim-1 

(6) 


6-His 


TC 


HIV-Tat 


full-length  Pim-1 


Fig.  4.  Pim-1  vectein  proteins.  6-His  =  purification  tag;  TC  =  thrombin  cleavage  site;  HIV-Tat  =  cell  penetration 
domain;  dom.neg.  Pim-1  =  NT81  mutant  Pim-1  sequence;  full-length  Pim-1  =  wild-type  protein  sequence. 


Both  of  these  recombinant  proteins  were  substantially  insoluble  in  aqueous  buffers 
under  physiologic  conditions,  but  could  be  dissolved  at  high  concentration  in  0.5% 
acetic  acid. 


We  made  a  further  construct  by  fusing  pim-1  sequences  to  the  C-terminus  of  GFP  (Fig. 
5).  We  have  previously  successfully  produced  GFP  vecteins,  and  so  hoped  that  the 
favorable  structure  of  this  molecule  would  negate  the  tendency  of  the  Pim-1  sequences 
to  aggregate.  For  this  construct  we  used  our  new  pOMNITAT  plasmid. 


(7) 


6-His 


TC 


HIV-Tat 


GFP 


dom.  neg.  Pim-1 


Fig.  5.  GFP/Pim-1  chimeric  vectein  protein.  6-His  =  purification  tag;  TC  =  thrombin  cleavage  site;  HIV-Tat  =  cell 
penetration  domain;  GFP  =  green  fluorescent  protein;  dom.neg. Pim-1  =  NT81  mutant  Pim-1  sequence. 


Again,  this  recombinant  protein  was  substantially  insoluble  in  aqueous  solution  under 
standard  purification  conditions  (solubilization  of  intracellular  inclusion  bodies  in 
guanidine,  affinity  purification  under  denaturing  conditions,  followed  by  renaturation 
through  dialysis). 

While  each  of  these  recombinant  vecteins  has  shown  a  substantial  tendency  to 
aggregate,  we  have  still  been  able  to  produce  small  amounts  of  soluble  protein  in 
physiologic  buffers.  This  has  most  reliably  been  achieved  by  allowing  the  protein  to 
precipitate,  washing  the  pellet  extensively  to  eliminate  denaturants,  and  then  solubilizing 
the  proteins  in  0.5-5%  acetic  acid.  When  the  protein  solution  is  then  added  dropwise 
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into  tissue  culture  medium  (DME/0.1%  BSA)  with  at  least  a  20-to-1  dilution,  with  rapid 
vortexing  of  the  solution,  some  solubility  has  been  achieved.  We  estimate  a  final 
concentration  of  approximately  1 50nM.  Other  cell  permeable  proteins  show  biologic 
activities  at  this  concentration4.  In  addition,  we  are  exploring  purification  methods 
involving  submaximal  protein  expression  followed  by  careful  extraction  and  purification 
of  the  recombinant  proteins  under  native  conditions. 


Specific  Aim  #2.  Evaluate  cell-permeable  vecteins  for  their  ability  to  modulate 
cell  death  in  a  primitive  hematopoietic  cell  line.  As  an  alternative  to  Bcl-2  vecteins, 
we  have  begun  to  examine  recombinant  Pim-1  vecteins  for  biologic  activity.  Since  pim- 
1  is  a  survival  gene  the  wild-type  protein  inhibits  cell  death,  while  the  dominant  negative 
form  enhances  death1.  We  have  been  able  to  achieve  slightly  better  solubility  of  the 
dominant  negative  vectein  protein  than  the  wild-type  fusion  protein;  hence,  we  have 
been  able  to  begin  preliminary  experiments  with  the  former  protein.  We  have  treated 
FDCP1  murine  hematopoietic  cells  with  the  N-terminal  HIV-Tat  fusion  dominant¬ 
negative  Pim-1  protein  (construct  (5)  above)  and  examined  survival  and  death. 


Fig.  6.  Effect  of  DN  Pim-1  vectein  on  FDCP1 
viability.  Cells  were  removed  from  IL-3  and 
cultured  with  or  without  DN  Pim-1  vectein  150nM 
x  24hr.  Percent  dead  cells  were  determine  by 
Trypan  Blue  dye  exclusion.  Bar  represents  mean 
+/-  SD  of  triplicate  measurements  from  one  of 
three  similar  experiments.  Treated  cultures 
contain  significantly  more  dead  cells  than  control 
(p<.05  for  no  difference,  by  T  test) 


Fig.  7.  Effect  of  DN  Pim-1  vectein  on  FDCP1 
viability.  Cells  were  removed  from  IL-3  and 
cultured  with  or  without  DN  Pim-1  vectein  150nM 
X  24hr.  600,000  cells  per  well  at  start  of  experiment. 
Bar  represents  mean  +/-  SD  of  triplicate 
measurements  from  one  of  three  similar  experiments. 
Treated  cultures  contain  significantly  fewer  live  cells 
than  control  (p<.05  for  no  difference,  by  T  test) 


Twenty-four  hours  after  IL-3  removal  FDCP1  cells  are  beginning  to  die  by  apoptosis. 
Cells  treated  with  the  dominant-negative  Pim-1  vectein  showed  twice  as  many  dead 
cells  as  were  present  in  cultures  treated  with  buffer  controls  (Fig.  6).  In  addition,  there 
were  half  as  many  live  cells  after  24hrs  in  the  vectein-treated  wells  as  were  present  in 
the  control  cultures  (Fig.  7).  These  data  are  consistent  with  the  known  effects  of  the 
dominant  negative  Pim-1  protein.1  Although  our  primary  goal  is  to  enhance  survival  with 
a  wild-type  Pim-1  vectein  this  result  is  important  because  we  show  for  the  first  time  that 
a  biologically  active  vectein  can  be  delivered  to  murine  hematopoietic  cells  in  culture. 


5 


Michael  B.  Lilly,  MD  265-92-4354 


Specific  Aim  #3.  Develop  novel  vector  sequences  that  may  confer  on  vecteins 
the  ability  to  accumulate  at  different  intracellular  locations.  There  were  two  goals 
of  this  specific  aim.  The  first  was  to  develop  a  vectein  expression  plasmid  for  enhanced 
delivery  of  proteins  to  the  nucleus,  based  on  our  “CTCF”  sequence.  We  have  not  yet 
produced  this  plasmid.  We  now  feel  it  may  be  more  efficient  to  develop  a  “modular” 
system  for  assembly  of  cell-permeable  proteins,  rather  than  creating  multiple  different 
expression  plasmids  for  different  vector  systems.  Studies  for  this  purpose  are  proposed 
under  the  02  year  application. 

The  other  goal  was  to  develop  vector  sequences  for  delivery  of  proteins  or  other 
payloads  to  the  cell  membrane.  The  HIV-Tat  and  MTS  vectors  utilized  thus  far  can 
effect  delivery  of  proteins  to  cytoplasm,  and  at  times,  to  the  nucleus.  However,  many 
situations  may  call  for  delivery  of  proteins  to  the  cell  membrane.  We  initially  proposed 
to  develop  a  membrane-targeting  system  by  fusing  to  the  C-terminus  of  a  recombinant 
protein  a  hydrophobic  transmembrane  domain,  and  then  an  HIV-Tat  penetration 
domain. 

We  initially  prepared  a  bacterial  expression  plasmid  for  a  fusion  protein  containing 
green  fluorescent  protein  (GFP)  fused  on  its  C-terminus  to  the  transmembrane  domain 
of  the  Mil-1  protein,  followed  by  the  HIV-Tat  penetration  sequence  (Fig.  8): 


6-His 

TC 

GFP 

Mil-1  TM 

HIV-Tat 

Fig.  8.  Membrane-targeted  vectein  protein.  6-His  =  purification  tag;  TC  =  thrombin  cleavage  site;  GFP  =  green 
fluorescent  protein;  Mil-1  TM  =  23aa  transmembrane  domain  of  Mil-1  protein;  HIV-Tat  =  cell  penetration  domain. 

Unfortunately,  like  the  Tat/Bcl-2  fusion  protein,  which  has  an  endogenous 
transmembrane  domain  at  the  C-terminus,  the  GFP/Mil-1/Tat  fusion  was  toxic  to 
bacteria,  resulting  in  no  expression.  Thus  we  were  required  to  develop  an  alternate  test 
system. 

The  alternative  test  system  has  utilized  a  pair  of  fluorescein-labelled  synthetic  peptides, 
Tat-FITC  and  Mil-Tat-FITC. 

FITC  -  YGRKKRRQRRR  (  =  Tat-FITC) 

FITC  -  SILLFGGAAAVAILAVAIGVALALYGRKKRRQRRR  (  =  Mil-Tat-FITC) 

The  first  is  the  known  1 1 -amino  acid  HIV-Tat  vector  or  cell-penetration  domain  of  HIV- 
Tat4.  The  latter  is  a  fusion  between  that  sequence  (at  the  C-terminus)  and  the 
transmembrane  domain  of  Mil-1,  a  recently  described  mitochondrial  protein.  Our 
hypothesis  is  that  the  Tat  domain  acts  as  an  “arrow”  to  penetrate  the  plasma 
membrane,  while  the  Mil-1  transmembrane  domain  would  act  as  a  “stopper”  to  hold  the 
protein  in  the  membrane  and  prevent  transmembrane  passage. 

To  evaluate  the  ability  of  these  peptide  vectors  to  localize  to  the  cell  membrane,  or  to 
effect  delivery  of  a  large  protein  "payload”  in  an  oriented  manner  to  the  cell  membrane, 
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we  prepared  complexes  of  the  peptides  with  a  monoclonal  antibody  to  fluorescein  (anti- 
FITC;  Sigma).  One  microliter  of  peptide  (approximately  1  microgram)  in  0.1%  acetic 
acid  was  mixed  with  10  microliters  Tris  buffer  (pH  8.0)  and  10  microliters  of  anti-FITC 
(as  ascitic  fluid),  followed  by  a  10  min  incubation  at  room  temperature.  The  sample  thus 
contained  both  free  peptide  (MW  about  1700)  and  peptide  complexed  with  anti-FITC 
antibody  (MW  about  150,000).  LNCaP  prostate  cancer  cells  were  previously  grown  in 
6-well  plates  on  coverslips.  The  peptide/antibody  complexes  were  then  added  to  the 
cells  in  2ml  of  RPMI-1640  medium  with  0.1%  BSA,  followed  by  incubation  at  37°C  for 
1  hr.  The  coverslips  were  then  washed  extensively  with  PBS,  followed  by  fixation  in  cold 
methanol.  After  a  PBS  rinse  the  coverslips  with  treated  LNCaP  cells  were  then 
incubated  with  PBS/0.1  %  BSA  to  block  non-specific  protein  binding  sites,  followed  by 
incubation  with  an  anti-mouse  IgG-phycoerythrin  conjugate.  After  a  final  wash,  the 
coverslips  were  dried  and  mounted  for  fluorescent  microscopy. 

Cell  treated  with  Tat-FITC/antibody  mixture  showed  both  nuclear  and  cytoplasmic  green 
fluorescence  (Fig.  9)  demonstrating  that  the  peptide  was  able  to  penetrate  all  regions  of 
the  cell.  The  nuclear  staining  was  much  more  prominent  however.  When  the  same 
field  was  examined  for  red  fluorescence  (reflecting  the  presence  of  the  peptide-antibody 
complex)  only  cytoplasmic  staining  was  seen.  Thus  the  Tat  vector  domain  was  able  to 
effect  intracellular  delivery  of  a  protein  complex  of  at  least  1 50kd.  The  peptide  vector 
sequence  was  unable  to  deliver  a  protein  of  this  size  to  the  nucleus  however. 


Fig.  9.  Uptake  of  FITC-Tat/anti-FITC  complexes  in  LNCaP  cells.  Left  panel:  green  fluorescence;  Right  panel:  Red 
fluorescence.  Free  peptide  (green  only)  localizes  primarily  in  the  nucleus,  while  peptide/antibody  complexes  (red  and 
green)  localize  in  a  granular  pattern  in  the  cytoplasm. 
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The  Mil-Tat-FITC  peptide  showed  markedly  different  behavior  (Fig.  10).  Staining  of  the 
cells  was  primarily  localized  to  cell  membrane  and  intracellular  granular  structures 


Fig.  10.  Uptake  of  FITC-Mil-Tat/anti-FITC  complexes  in  membranes  and  organelles  of  LNCaP  cells.  Free  peptide 
and  peptide/antibody  complexes  localize  primarily  on  the  plasma  membrane.  Lesser  amounts  of  free  peptide  or 
complexes  are  found  in  intracellular  structures  resembling  Golgi  or  lysosomes. 

suggestive  of  lysosomes  or  golgi.  The  peptide-antibody  complexes  showed  a  higher 
proportion  of  membrane  staining,  and  lower  accumulation  in  granular  intracellular 
structures.  Nuclear  accumulation  was  not  seen  with  either  peptide  or  peptide-antibody 
complexes.  These  data  demonstrate  the  feasibility  of  delivering  exogenous  peptides  or 
proteins,  which  contain  the  proposed  membrane  targeting  structure,  to  the  cell 
membrane  and  membrane-bound  intracellular  structures.  The  appearance  of  the 
complexes  in  lysosome-like  granules  also  suggests  that  membrane-bound  exogenous 
proteins  are  internalized  in  part  through  endocytosis.  These  data  also  demonstrate  that 
non-peptide  structures  in  the  construct — such  as  the  bond  between  the  FITC  molecule 
and  its  antibody — do  not  prevent  internalization. 


CONCLUSIONS 

Substantial  progress  has  been  made  in  the  first  six  months  towards  achieving  the  stated 
goals.  Development  of  methods  to  regulate  cell  behaviour  or  function  by  exogenous, 
cell-permeable  proteins  (“vecteins")  remains  an  attractive  goal  which  would  bypass  the 
major  problem  of  gene  therapy — inefficient  delivery  of  the  genetic  material  and 
expression  of  the  transgene  in  the  target  cells.  While  cell-permeable  proteins  would  not 
be  suitable  for  all  applications,  they  are  particularly  attractive  for  ex  vivo  use.  Our 
application  of  these  technologies  to  reversible  immortalization  of  hematopoietic  stem 
cells  still  shows  significant  promise. 

Our  initial  efforts  in  this  field  have  clarified  several  issues  to  be  resolved.  First  is  the 
need  for  a  modular  system  for  assembling  recombinant  proteins  with  various  vector 
domains.  We  have  had  to  produce  several  bacterial  expression  plasmids  for  relatively 
minor  changes  in  the  final  protein  product.  We  envision  the  need  for  a  system  of 
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semisynthesis,  whereby  a  recombinant  protein  can  be  fused  to  any  of  several  synthetic 
peptides  encoding  potential  vector  sequences.  Possible  approaches  to  the 
development  of  this  system  will  be  outlined  in  the  proposal  for  02  year  funding.  Second, 
an  additional  insight  from  our  extensive  modification  of  the  dominant-negative  Pim-1 
vecteins  is  that  simply  rearranging  the  pieces  of  the  vectein  construct,  or  fusing  to  a 
soluble  partner,  is  unlikely  to  completely  solve  problems  of  aggregation  and 
precipitation.  Thus  additional  attention  to  purification  and  expression  procedures  which 
increase  the  amount  of  soluble  protein  may  be  helpful.  Exploration  of  additional  fusion 
partners  could  be  useful  in  this  regard,  but  at  lest  some  traditional  partners  such  as 
glutathione-S-transferase  or  thioredoxin  may  have  biologic  activities  when  introduced 
into  mammalian  cells.  Furthermore  we  have  noted  a  strong  tendency  for  multiple 
aborted  sequence  proteins  being  produced  from  GST  fusions,  leading  to  the  possibility 
of  a  mixture  of  active  and  inactive  vecteins.  This  could  obscure  any  biologic  effect.  A 
serious  consideration  will  also  need  to  be  production  of  reagents  in  insect  or 
mammalian  cells,  where  the  lower  production  may  be  offset  by  higher  biologic  activity. 

During  the  next  six  months  we  expect  to  complete  studies  under  specific  aims  #1  and 
#2  of  the  funded  proposal — to  produce  and  evaluate  a  prototype  vectein  which  has 
biologic  activity  toward  inhibiting  the  death  or  differentiation  of  hematopoietic  cells  in 
culture.  These  studies  will  utilize  kinase-active  as  well  as  the  kinase-inactive  forms  of 
Pim-1  vectein.  Many  potential  target  molecules,  which  regulate  death  or  differentiation, 
are  being  identified.  We  may  need  to  evaluate  additional  molecules  as  well. 
Nevertheless,  the  practical  experience  which  we  expect  to  gain  from  the  pim-1  model 
will  be  highly  valuable  as  we  explore  other,  more  relevant  regulatory  vecteins  to  achieve 
our  ultimate  goal  of  expanding  hematopoietic  stem  cells  ex  vivo. 

Our  studies  of  membrane-targeted  vecteins  (specific  aim  #3b)  may  also  be  useful  for 
our  ultimate  goal  of  reversible  immoralization  of  hematopoietic  progenitor  cells.  We 
envision  introducing  transforming  proteins  into  progenitors.  Several  potentially 
transforming  proteins  are  localized  to  the  cell  membrane;  hence,  development  of  tools 
to  deliver  a  vectein  to  either  side  of  the  plasma  membrane  may  allow  us  to  use  a  wider 
spectrum  of  molecular  tools  to  achieve  reversible  immortalization  of  stem  cells.  In 
addition  membrane-targeted  exogenous  proteins  could  be  extremely  useful  for 
modifying  cellular  immunogenicity  or  susceptibility  to  viral  gene  transfer. 
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PATENTS/INTELLECTUAL  PROPERTY 

Because  only  the  first  six  months  of  the  project  have  been  completed,  no  public 
disclosure  of  our  findings  has  been  made  or  is  planned  at  this  time.  Thus,  no  patent 
application  has  been  filed  regarding  an  invention  emerging  from  this  research. 
However,  we  feel  that  the  potential  commercial  uses  of  our  method  for  membrane 
targeting  of  exogenous  proteins  could  represent  a  substantial  intellectual  property  once 
the  technology  is  more  fully  developed  and  evaluated.  We  will  contact  NMTB  for 
permission  to  disclose  our  findings  and  request  that  Loma  Linda  University  seek  patent 
protection  as  soon  as  we  obtain  sufficient  data  to  fully  describe  the  invention  and  its 
best  method  of  use.  We  anticipate  that  the  filing  of  a  provisional  US  patent  application 
could  occur  during  the  second  year  of  the  project. 


COMMERCIALIZATION 

Development  of  techniques  for  reversible  immortalization  of  stem  cells  are  of  great 
potential  interest  to  companies  in  the  field  of  cell-based  therapies.  Refer  to  the  02  year 
proposal  for  more  details.  Several  biotechnology  companies  could  be  interested  in  a 
general  method  for  delivering  exogenous  proteins  to  cell  surfaces.  Immediate 
applications  could  include  increasing  the  number  of  receptors  for  gene-transfer  viruses, 
thus  enhancing  the  gene  transfer  efficiency. 


PUBLICATIONS 

No  publications  have  resulted  from  the  initial  6  months  work  on  this  project. 
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2.  DESCRIPTION  AND  PERFORMANCE  SITES  (FORM  B) 

DESCRIPTION:  State  the  goal  of  the  research  project,  including  how  it  relates  to  improving  health 
care  for  the  nation's  people.  Use  succinct  language  to  describe  how  the  project  goals  will  be  achieved. 
Do  not  exceed  the  space  provided  on  this  page. 


The  treatment  of  disease  with  radiation  therapy  requires  beams  that  enter  the 
patient  from  multiple  directions.  Mechanical  devices,  including  those  used  to  deliver 
radiation,  flex  when  rotated.  The  most  time  consuming  and  costly  process  in  the  deli¬ 
very  of  radiation  beams  is  the  alignment  of  each  beam  with  the  patient.  The  quality 
of  alignment  directly  influences  the  success  of  the  treatment  because  precise  align¬ 
ment  can  separate  diseased  tissue  from  critical  normal  tissues.  When  good  separation 
is  achieved,  high  doses  can  be  delivered  to  the  target  and  small  doses  to  normal  tis¬ 
sue.  This  leads  to  high  cure  rates  and  minimal  treatment  related  complications.  If  the 
time  for  alignment  can  be  reduced,  the  comfort  of  the  patient  will  increase  and  bet¬ 
ter  alignment  can  be  achieved.  Reduced  alignment  times  will  also  increase  the  num¬ 
ber  of  patients  per  day  that  can  be  treated,  reducing  the  cost  per  patient  and  ostens¬ 
ibly  allowing  more  patients  to  take  advantage  of  the  treatment  modality. 

The  purpose  of  this  work  is  to  achieve  better  alignment  of  radiation  treatment 
beams  while  reducing  overall  treatment  times.  Two  methods  have  been  proposed  to 
automatically  compensate  the  position  of  the  patient  for  each  beam  without  requir¬ 
ing  a  new  alignment  procedure  to  be  performed.  The  first  method  utilizes  precise 
mechanical  measurements  of  the  delivery  system  at  different  positions  made  prior  to 
patient  treatment  to  predict  the  necessary  compensation.  The  second  method  utilizes 
sensor  measurements  of  the  delivery  system  made  during  patient  treatment.  This  pro¬ 
ject  will  acquire  the  measurements  required  by  the  first  method  and  investigate  the 
technology  required  for  the  second  method.  The  ability  to  compensate  will  be  tested 
by  building  a  computer-driven  test  platform  and  test  jigs  to  simulate  patient  treat¬ 
ments.  At  the  end  of  the  project,  the  preferred  method  of  data  acquisition  and  speci¬ 
fications  for  a  clinical  patient  positioner  will  be  provided. 


PROJECT  SITE(S)  (organization,  city,  state): 


Applicant  organization: 

Department  of  Radiation  Medicine 
Loma  Linda  University  Medical  Center 
Loma  Linda,  California 

Sub-contract  organization  to  build  test  devices: 
Optivus  Technology,  Inc. 

San  Bernadino,  California 
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I.  Introduction 

The  hypothesis  of  this  project  is  that  better  alignment  of  radiation 
treatment  beams  can  be  achieved  while  simultaneously  reducing  the 
time  for  a  treatment  session.  In  the  clinic,  this  could  be  accomplished  by 
automatically  repositioning  the  patient  to  compensate  for  rotation 
induced  deflections  in  the  beam  delivery  equipment.  This  project  will  test 
the  hypothesis  by  measuring  beam  delivery  deflections,  building  a  highly 
precise  computerized  positioning  platform,  developing  a  compensation 
algorithm  and  user  interface,  and  measuring  the  ability  of  the  total  system 
to  correctly  align  a  test  jig.  Application  of  this  method  to  patients  will 
require  registration  and  immobilization  devices  that  complement  the  posi¬ 
tioning  device  and  thus  models  of  new  devices  will  also  be  made. 

II.  Body 

The  project  described  in  the  introduction  can  be  broken  into  six 
distinct  projects  or  specific  aims. 

II.  1  Measure  and  Analyze  Beam  Delivery  Equipment  Deflections 

Notwithstanding  the  better  treatment  that  occurs  when  a  radiation 
beam  is  accurately  aligned  with  a  patient,  the  alignment  process  is  a 
major  cost  in  delivering  radiotherapy.  The  large  amount  of  time  invested 
by  both  therapists  and  physicians  in  aligning  patients  prevents  large  num¬ 
bers  of  patients  from  receiving  treatment  and  makes  the  treatments  for 
those  patients  that  are  treated  expensive.  More  efficient  methods  of 
aligning  patients  with  beams  can  not  currently  be  used  because  of:  1) 
differential  sag  in  the  gantry/nozzle  system  when  rotated  to  different  posi¬ 
tions;  2)  skew  in  the  snout  when  extended  or  retracted  from  the  reference 
position;  3)  fabrication  of  the  beam  defining  aperture;  4)  installation  of  the 
aperture  at  the  appropriate  position  in  the  snout;  5)  positioning  of  the  x  ray 
tube  on  the  central  axis  of  the  proton  beam  when  preparing  to  make  an 
exposure;  and  6)  differential  sag  in  the  image  receptor  system  when 
rotated  to  different  positions.  This  project  measured  the  errors  that  would 
be  produced  by  items  1  and  2  using  a  surveyor’s  theodolite  and  a  dial 
indicator.  The  fabrication  of  the  aperture  for  each  patient's  portal,  item  3, 
is  always  checked  before  use.  Current  operating  procedures  check  item 
5  once  each  day  at  one  gantry  angle  while  item  6  is  believed  to  be  pre¬ 
dictable. 

The  procedure  for  measuring  the  radial  component  of  item  1  was 
previously  described  in  a  manuscript  submitted  with  the  grant  application. 
Before  performing  the  set  of  measurements  in  this  study,  the  theodolites 
were  sent  for  re-calibration.  Scale  illumination  packages  were  also 
installed  on  the  theodolites  which  made  the  collection  of  data  much 
easier  and  faster  in  the  dimly  lit  treatment  room.  Results  from  the  gantry 
#2  measurements  yielded  the  same  general  shape  as  the  previous 


measurements  on  gantry  #1  with  an  overall  size  approximately  the  same. 
Initial  analysis  of  the  data  indicate  that  any  point  along  the  path  of  the 
radial  component  can  be  predicted  within  0.4  mm. 

The  axial  component  of  the  isocenter  path  was  measured  with  a 
dial  indicator.  The  path  found  for  gantry  #2  was  almost  identical  to  gantry 
#1.  Any  point  along  the  path  of  the  axial  component  can  be  predicted 
to  within  0.3  mm  using  general  gantry  data  while  data  specific  to  a 
particular  gantry  could  be  used  to  predict  the  path  within  0.2  mm. 

The  sag  of  the  snout  was  investigated  for  different  aperture  weights 
at  90°  and  270°  gantry  angles.  As  long  as  the  brakes  were  applied  to  the 
snout  extension  ballscrews,  gantry  rotation  did  not  result  in  more  than  a 
0.05  mm  deviation  of  the  frontpointer.  When  the  brakes  were  released 
and  the  gantry  rotated  180°,  a  deviation  of  0.1  mm  was  observed.  This 
deviation  was  correlated  with  a  change  in  the  difference  between  the 
encoders  reading  out  the  position  of  the  ballscrews.  The  difference  in 
encoder  readings,  referred  to  as  delta  snout,  could  be  used  to  calculate 
the  change  in  the  beam  pointing  direction  for  different  extensions  and 
gantry  angles. 

11.2  Investigate  Sensor  Technology 

Five  different  uses  of  sensors  for  increasing  the  accuracy  of  patient 
alignment  were  identified.  These  included:  1 )  measuring  the  deflection  of 
the  cone  relative  to  the  gantry/nozzle  frame;  2)  measuring  the  position  of 
the  aperture  cone  in  the  room;  3)  measuring  the  position  of  the  cone  rela¬ 
tive  to  the  patient;  4)  measuring  the  position  of  the  patient  positioner  in  the 
room;  and  5)  measuring  the  position  of  the  patient  in  the  room.  A  number 
of  different  sensor  technologies  were  reviewed.  These  included  systems 
using  optical  cameras,  radiofrequency,  ultrasound,  magnetic,  and  laser 
ranging  sensors.  Severe  doubt  is  cast  upon  the  use  of  magnetic  systems 
due  to  the  stray  magnetic  fields  produced  by  the  large  beam  transport 
magnets.  Representatives  from  a  company  specializing  in  radiosurgery 
treatments  came  to  Loma  Linda  to  present  their  multiple  optical  camera 
system  for  realignment.  None  of  the  systems  have  matured  to  the  point  of 
being  readily  available  for  multi-field  patient  alignment.  Use  of  any  of  the 
sensor  systems  would  require  an  extensive  research  and  development 
project.  As  discussed  in  section  11.1,  the  encoders  already  installed  on  the 
snout  extension  ballscrews  appear  to  offer  a  quick  and  inexpensive  solu¬ 
tion  to  predicting  the  snout  skewness  and  aperture  projection. 

11.3  Design  and  Build  Test  Platform 

The  funding  allocated  to  this  project  was  smaller  than  the  amount 
initially  requested  so,  in  order  to  complete  the  project,  funds  from  another 
project  are  being  used  to  purchase  the  hardware  for  the  test  platform. 
The  Henry  Guenther  Foundation  is  supporting  an  effort  to  develop  proton 


treatments  for  Parkinson’s  disease  and  other  functional  disorders.  These 
types  of  treatments  require  a  rotational  capability  not  available  with  the 
current  patient  positioners.  A  major  fraction  of  the  funds  for  the  Guenther 
grant  are  being  used  to  purchase  a  new  positioner  with  rotational  capabi¬ 
lities.  In  exchange  for  the  funds  for  the  test  platform,  this  NMTB  grant  was 
used  to  develop  the  specifications  for  the  new  positioner.  The  test  plat¬ 
form  will  be  an  integral  aspect  of  the  new  positioner  but  its  use  for  com¬ 
pensating  deflections  in  the  beam  delivery  system  is  not  required  and,  in 
fact,  not  allowed  until  extensive  testing  has  proven  its  usefulness  and  relia¬ 
bility. 

A  survey  of  potential  manufacturers  was  performed  and  specifica¬ 
tions  for  a  positioner  negotiated.  Precitron  AB  of  Uppsala,  Sweden  was 
found  to  have  a  device  that  could  serve  both  as  the  new  patient 
positioner  and,  with  modifications,  as  a  base  for  the  test  platform.  This 
device,  called  the  Hercules,  is  an  FDA  approved  patient  positioner.  A 
drawing  of  this  device  is  included  in  Appendix  1 .  The  specifications  deve¬ 
loped  under  this  grant  for  the  modified  device  are  also  included  in 
Appendix  1  along  with  a  conceptual  drawing  of  the  new  positioner. 
Before  the  order  was  finalized,  an  invention  disclosure  was  made  with  LLU 
and  an  agreement  with  Precitron  reached  over  potential  intellectual  pro¬ 
perty  rights.  Because  a  large  amount  of  funds  from  another  project  were 
being  allocated  to  the  purchase  of  the  positioner,  numerous  committee 
meetings  were  held  during  1999  in  order  to  satisfy  all  parties  involved.  The 
purchase  order  was  released  the  last  week  of  December  1999  with  deli¬ 
very  of  the  positioner  expected  in  June  of  2000.  Initial  testing  of  associ¬ 
ated  registration  and  immobilization  devices  is  expected  to  proceed  in  a 
test  location  during  the  summer  of  2000  with  final  installation  in  the  treat¬ 
ment  room  expected  in  the  fall  of  2000. 

11.4  Develop  Compensation  Algorithm  and  User  Interface 

The  control  system  of  the  positioner  will  be  broken  into  two  sub-sys¬ 
tems,  a  coarse  base  part  and  a  fine  alignment  part.  Although  the  two 
sub-systems  will  communicate,  they  will  have  separate  electronic  control¬ 
lers.  The  coarse  base  sub-system  will  not  be  modified  locally  so  as  not  to 
effect  the  FDA  approval  of  the  product.  This  component  will  be  used  by 
the  therapists  in  the  treatment  room  in  much  the  same  manner  as  the 
current  positioner  except  for  its  increased  range  of  motions.  The  fine  align¬ 
ment  sub-system  will  come  from  the  manufacturer  with  a  basic  set  of 
commands  but  the  user  interface  and  compensation  algorithm  will  be 
developed  locally.  Because  the  motions  of  the  fine  alignment  subsystem 
are  small,  slow,  and  do  not  change  the  intended  purpose  of  the  device, 
no  additional  FDA  application  is  anticipated. 

Small  orientation  errors  inevitably  occur  during  the  patient  align¬ 
ment  process.  These  errors  can,  in  general,  be  corrected  by  small 


rotations  of  less  than  5°  in  pitch,  roll,  and  yaw.  The  fine  alignment  sub¬ 
system  has  rotational  capabilities  in  the  pitch  and  roll  directions.  The  base 
sub-system  has  a  yaw  capability.  Restrictions  on  the  height  of  the  table 
top  above  the  floor  and  the  desire  to  simplify  the  logic  in  aligning  patients 
drove  the  design  of  the  fine  alignment  sub-system.  A  decision  was  made 
to  force  the  correction  of  rotational  alignment  errors  in  the  patient’s  orien¬ 
tation  to  be  made  first  and  afterwards  perform  the  fine  translational  move¬ 
ments  necessary  to  correct  the  positioning  errors.  This  allowed  the  fine 
translational  movements  to  be  independent  of  the  pitch  and  roll  adjust¬ 
ment  mechanisms.  Philosophically,  all  rotations  will  be  made  by  the 
coarse  (base)  sub-system  although,  technically,  the  pitch  and  roll  are  con¬ 
trolled  by  the  fine  alignment  sub-system.  Fine  translational  movements  for 
initial  alignment  or  beam  delivery  system  deflection  compensation  will 
then  be  limited  to  the  alignment  sub-system. 

The  deflection  compensation  algorithm  will  reside  wholly  on  the  fine 
alignment  sub-system  although  it  must  receive  information  from  the  base 
sub-system  to  understand  its  location  and  orientation  within  the  treatment 
room.  The  Department  of  Radiation  Medicine  has  requested  that  the  user 
interface  for  the  alignment  sub-system  also  be  capable  of  allowing  the 
therapists  to  make  small  controlled  moves  even  when  the  deflection  com¬ 
pensation  algorithm  is  not  being  used.  A  user  interface  has  thus  been 
designed  to  accommodate  both  purposes.  An  automatic  positioning 
capability  has  also  been  included  to  reduce  initial  set-up  time.  A  picture 
of  the  proposed  user  interface,  written  in  Visual  C++,  is  included  in  Appen¬ 
dix  2.  Detailed  design  of  the  low  level  compensation  software  must  wait 
until  the  vendor  of  the  positioner  supplies  the  motion  driver  software. 

11.5  Test  Compensation  for  Alignment 

The  positioner  will  initially  be  installed  in  a  test  location  rather  than  in 
the  treatment  room.  The  control  system,  user  interface,  and  deflection 
algorithm  will  be  tested  at  this  location  for  functionality  and  safety.  Regis¬ 
tration  and  immobilization  devices  currently  under  use  as  well  as  possible 
new  devices  (see  section  11.6)  will  also  be  fitted  during  the  time  testing  is 
being  performed  at  this  location.  The  positioner  will  likely  remain  at  this 
location  from  three  to  four  months.  After  the  initial  testing  and  fitting  is 
complete,  the  positioner  will  be  relocated  to  the  Gantry  2  treatment  room. 
The  theodolites  will  be  used  to  acquire  data  that  will  be  input  into  the 
positioner  control  system  to  correct  for  deviations  as  the  positioner  trans¬ 
lates  and  rotates  around  the  room.  The  compensation  tests  will  then  be 
performed  with  the  real  deflections  from  the  gantry  and  snout.  A  stan¬ 
dard  five  mm  diameter  tungsten  ball  pointer  used  for  stereotactic  radio¬ 
surgery  alignment  checks  has  been  bought  using  funds  from  the  Guenther 
Foundation.  This  ball  will  be  positioned  at  the  virtual  isocenter  to  simulate 
a  target  point  within  a  patient.  The  proton  beam  will  then  be  directed  at 


the  ball  from  different  directions  to  verify  correct  compensation  by  the 
alignment  algorithm.  Still  to  be  manufactured  is  a  small,  precisely  milled 
brass  aperture  that  will  collimate  the  proton  beam  to  a  circular  field  with  a 
diameter  just  slightly  larger  than  the  ball.  The  alignment  of  the  ball  sha¬ 
dow  with  the  outside  of  the  proton  field  from  each  direction  will  indicate 
the  ability  of  the  algorithm  to  correctly  compensate  the  deflections. 
Testing  of  the  compensation  algorithm  should  be  completed  by  February 
2001. 

II. 6  Registration  and  Immobilization 

The  precise  multi-field  alignment  technique  can  only  be  advan¬ 
tageous  if  better  registration  and  immobilization  of  the  patient  to  the  posi¬ 
tioner  is  also  performed.  Several  conceptual  models  of  registration  and 
immobilization  apparatus  for  targets  in  the  pelvis  and  head  have  been 
built.  The  key  feature  to  each  of  these  devices  is  that  perturbation  of  the 
proton  beam  in  transit  to  the  patient  is  kept  to  a  minimum.  A  seminar  was 
given  to  the  Department  of  Radiation  Medicine  in  August  of  1999  to 
present  these  new  devices.  A  copy  of  the  overheads  presented  at  this 
seminar  and  a  few  pictures  of  the  devices  are  included  in  appendix  3. 
Current  effort  in  this  area  is  directed  towards  finding  an  industrial  partner 
to  help  fund  further  development. 

III.  Conclusions 

Preliminary  data  indicate  that  the  error  in  patient  alignment  using 
an  efficient  multi-field  technique  can  be  reduced  from  the  current  2  mm 
value  to  0.5  mm  by  utilizing  a  predictive  model  for  deflections  and  com¬ 
puterized  repositioning  of  the  patient.  The  delay  in  approval  of  the  new 
positioner  purchase  has  resulted  in  only  about  half  of  the  work  scope 
having  been  performed.  This  translates  to  only  half  of  the  funds  being 
expended.  All  of  the  major  pieces  to  the  project  have  now  been 
addressed.  The  current  proposed  time  frame  to  complete  the  project  is 
approximately  one  year  but  no  additional  funds  beyond  whaf  has  already 
been  allocated  will  be  required.  Further  development  of  registration  and 
immobilization  devices  to  a  prototype  stage,  not  in  the  original  proposed 
scope  of  work,  would  require  additional  funds  or  industrial  partners. 
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Diagram  of  standard  Hercules  patient  positioner. 

Patient  Positioner  Requirements-  Modifications  for  Hercules  Solution 

Conceptual  drawing  of  modified  Hercules  positioner  with  alignment  sub¬ 
system 
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Introduction 


The  patient  positioner  (PP)  shall  consist  of  two  subsystems.  The  base  sub¬ 
system  will  provide  coarse  moves  to  facilitate  loading  and  registration  of 
the  patient  and  to  locate  the  patient  at  the  treatment  position  in  the 
room.  The  alignment  subsystem  will  provide  adjustments  in  the  patients 
position  to  properly  align  the  patient  with  the  proton  beam.  This  align¬ 
ment  is  performed  using  information  from  the  imaging  system  and  know¬ 
ledge  about  the  mechanics  of  the  beam  delivery  system. 


1 .  Base  Subsystem  Translational  Capabilities 

1.1  The  base  subsystem  shall  support  movements  in  the  lateral, 
longitudinal,  and  vertical  directions. 

1.2  The  minimum  distance  for  which  a  translational  movement  can 
be  made  shall  be  0.5  mm  or  less. 

1.3  The  resolution  of  the  position  readout  for  all  translational  move¬ 
ments  shall  be  0. 1  mm  or  better. 

1.4  The  accuracy  of  the  position  readout  in  room  coordinates  for  all 
translational  movements  shall  be  1.0  mm  or  better. 

1 .5  The  reproducibility  of  position  readout  in  room  coordinates  for 
all  translational  movements  shall  be  0.5  mm  or  better. 

1.6  The  reproducibility  of  achieving  a  requested  position  in  room 
coordinates  for  all  translational  movements  shall  be  0.5  mm  or 
better. 

1.7  Motion  perpendicular  to  a  commanded  motion  (tracking)  shall 
be  less  than  0.00 1  of  the  commanded  distance  or  1  mm,  whichever 
is  greater. 


2.  Base  Subsystem  Rotational  Capabilities 


2. 1  The  base  subsystem  shall  support  a  rotational  movement  about 
a  vertical  axis  located  between  the  lifting  columns. 

2.2  The  base  subsystem  shall  support  a  rotational  movement  about 
a  vertical  axis  located  by  the  user  at  an  arbitrary  location  within  the 
room  (subject  to  envelope  of  base  subsystem).  This  motion  must 
simulate  a  rotation  about  the  isocenter  of  the  proton  gantry  of  at 
least  ±55°.  This  type  of  rotation  is  referred  to  as  yaw. 

2.3  The  minimum  angle  for  which  a  rofational  movement  can  be 
made  shall  be  0.1°  or  less. 

2.4  The  resolution  of  the  angular  readouts  for  rotational  movements 
shall  be  0.1°  or  better. 

2.5  The  accuracy  of  the  angular  readouts  for  rotational  movements 
shall  be  0.5°  or  better. 

2.6  The  reproducibility  of  the  angular  readouts  for  rotational  move¬ 
ments  shall  be  0.1°  or  better. 

2.7  The  reproducibility  of  achieving  a  requested  angular  position  for 
all  rotational  movements  shall  be  0.5°  or  better. 


3.  Alignment  Subsystem  Translational  Capabilities 

3. 1  The  alignment  subsystem  shall  support  movements  of  ±20  mm  in 
the  lateral ,  longitudinal,  and  vertical  directions. 

3.2  The  lateral  and  longitudinal  motions  of  the  alignment  subsystem 
shall  be  parallel  to  the  floor  (horizontal  in  the  room  coordinate 
frame). 

3.3  The  vertical  motion  of  the  alignment  subsystem  shall  be  perpen¬ 
dicular  to  the  floor  (vertical  in  the  room  coordinate  frame). 

3.4  The  minimum  distance  for  which  a  translational  movement  can 
be  made  shall  be  0.05  mm  or  less. 

3.5  The  resolution  of  the  position  readout  for  all  translational 
movements  shall  be  0.0 1  mm  or  better. 


3.6  The  accuracy  of  the  position  readout  relative  to  the  base 
system  for  all  translational  movements  shall  be  0.05  mm  or  better. 

3.7  The  reproducibility  of  position  readout  in  room  coordinates  for 
all  translational  movements  shall  be  0.05  mm  or  better. 

3.8  The  reproducibility  of  achieving  a  requested  position  in  room 
coordinates  for  all  translational  movements  shall  be  0.05  mm  or 
better. 

3.9  The  acceleration  and  deceleration  for  traveling  the  40  mm 
stroke  length  should  not  result  in  an  alteration  of  the  patient's 
location  or  orientation  relative  to  the  tabletop. 


4.  Alignment  Subsystem  Rotational  Capabilities 

4.  1  The  alignment  subsystem  shall  support  a  minimum  ±5°  rotational 
movement  of  the  table  top  about  a  horizontal  axis  parallel  to  the 
longitudinal  axis  of  the  table  top  and  located  by  the  user  at  an  arb¬ 
itrary  location  within  the  vertical  boundaries  of  the  table  top.  This 
type  of  rotation  is  referred  to  as  roll. 

4.2  The  alignment  subsystem  shall  support  a  minimum  ±5°  rotational 
movement  about  a  horizontal  axis  perpendicular  to  the  longitudinal 
axis  of  the  table  and  located  by  the  user  at  an  arbitrary  location 
within  the  vertical  boundaries  of  the  table  top.  This  type  of  rotation 
is  referred  to  as  pitch. 

4.3  The  minimum  angle  for  which  a  rotational  movement  can  be 
made  shall  be  0.1°  or  less. 

4.4  The  resolution  of  the  angular  readouts  for  rotational  movements 
shall  be  0.1°  or  better. 

4.5  The  accuracy  of  the  angular  readouts  for  rotational  movements 
shall  be  0.2 °  or  better. 

4.6  The  reproducibility  of  the  angular  readouts  for  rotational  move¬ 
ments  shall  be  0.1°  or  better. 

4.7  The  reproducibility  of  achieving  a  requested  angular  position  for 
all  rotational  movements  shall  be  0.1°  or  better. 


5.  Table  Top 


5.  1  The  table  fop  of  the  PP  shall  have  a  an  adjustable  C-arm  con¬ 
figuration  to  allow  unobstructed  access  of  proton  beams  to  the 
patient  from  any  direction. 

This  requirement  does  not  allow  the  presence  of  a  polyester  or  Mylar  belt  that  is  a 
standard  feature  of  this  table. 

5.2  An  insert  shall  be  provided  for  the  table  top  of  the  PP  to  support 
a  full  scanning  water  phantom  above  the  C-arm  opening.  This 
table  insert  shall  support  a  minimum  weight  of  135  kg.  The  insert  will 
register  in  a  single  position  and  be  securely  fastened. 

5.3  The  center  of  the  C-arm  area  shall  be  located  a  minimum  of 
9 42  mm  from  the  closet  approach  of  the  base  legs. 

This  is  an  extension  of  363  mm  to  the  standard  location. 

5.4.  The  vertical  motion  of  the  table  top  shall  allow  the  top  of  the 
table  to  have  a  maximum  elevation  above  the  floor  of  at  least  914 
mm  and  a  minimum  elevation  above  the  floor  of  no  more  than  530 
mm. 


6.  Registration  and  Immobilization  Devices 

6. 1  An  attachment  interface  shall  be  provided  for  whole  body 
pods.  ( Pods  shall  be  supplied  by  the  customer.) 

6.2  An  attachment  interface  shall  be  provided  for  a  face 
mask/head  pod. 

6.3  An  attachment  interface  shall  be  provided  for  a  foam  cradle. 

6.4  An  attachment  interface  shall  be  provided  for  a  cranial  ring. 

6.5  An  attachment  interface  shall  be  provided  for  a  maxilla 
vacuum  lock. 

6.6  Exchange  of  registration  and  immobilization  devices  shall  be 
accomplished  by  one  person  in  less  than  5  minutes. 


6.7  All  immobilization  and  registration  devices  must  be  compatible 
with  XCT  and  MR  imaging. 


7.  Control  Interface 


7. 1  All  positions  will  be  displayed  both  in  the  treatment  room  and  in 
the  treatment  control  room. 

7.2  The  display  of  the  positions  will  be  updated  at  a  frequency  no 
less  than  once  per  second. 

7.3  Control  over  all  motions  will  be  possible  both  in  the  treatment 
room  and  in  the  treatment  control  room. 

7.4  Motion  enable  buttons  will  be  supplied  both  in  the  treatment 
room  and  in  the  treatment  control  room. 

7.5  Emergency  off  buttons  will  be  supplied  both  in  the  treatment 
room  and  in  the  treatment  control  room. 

7.6  A  built  in  command  for  the  alignment  subsystem  should  be  "go 
to  center".  This  command  should  be  performed  before  the  initial 
set-up  of  each  patient. 

7.7  A  built  in  command  for  the  base  subsystem  should  be  "point 
wheels  toward  isocenter".  This  command  should  be  performed 
before  fine  alignment  for  extended  field  segmental  therapy. 

7.8  A  built  in  command  for  the  base  subsystem  should  be  "point 
wheels  for  isocentric  rotation".  This  command  should  be  performed 
before  fine  alignment  for  multiple  angle  segmental  therapy. 

7.9  A  built  in  command  for  the  both  the  base  and  alignment 
subsystems  should  be  "set  isocenter  coordinates".  This  command 
should  be  performed  before  fine  alignment. 


8.  Delivery  and  Installation 

8. 1  The  PP  will  be  delivered  and  installed  at  a  test  site  for  develop¬ 
ment  and  testing  of  the  alignment  compensation  algorithms.  Final 
installation  in  the  treatment  room  will  occur  only  after  all  registration 


and  immobilization  devices  have  been  tested  and  alignment  algo¬ 
rithm  tests  have  passed. 


Counterweight 
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Picture  of  user  interface  for  patient  positioner. 

Proposed  procedure  for  patient  alignment  entitled  "Phased  Approach  to 
Beam  Alignment". 


Phased  Approach  to  Beam  Alignment 
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1 .  The  snout  is  retracted  to  avoid  a  possible  collision  with  the  patient  or 
equipment  and  the  gantry  is  rotated  to  a  beam  delivery  angle  of  0°. 

2.  The  fine  alignment  system  of  the  patient  positioning  system  (PPS)  is 
centered. 

3.  The  patient  is  registered  to  the  PPS  using  an  appropriate  registration 
device. 

4.  The  patient  is  immobilized  on  the  PPS  using  an  appropriate  registration 
device. 

5.  Using  the  PPS  base  sub-system,  the  patient  is  moved  to  place  the  tar¬ 
get  within  the  patient  within  a  few  centimeters  of  the  virtual  isocenter 
of  the  gantry.  The  orientation  of  the  PPS  at  this  time  should  roughly 
match  the  prescribed  orientation. 

6.  The  patient's  position  file,  previously  generated,  is  loaded. 

7.  The  base  sub-system  is  commanded  to  go  to  the  loaded  position 
thereby  placing  the  target  within  the  patient  within  a  few  millimeters 
of  the  virtual  isocenter. 

8.  The  base  sub-system  is  commanded  to  either  "turn  wheels  for  yaw"  or 
"turn  wheels  to  isocenter”  dependent  upon  the  anticipated  move 
required  to  align  the  next  field. 

9.  A  localization  x  ray  picture  is  taken.  The  gantry  is  rotated  to  90°. 
Another  x  ray  picture  is  taken. 

10.  The  patient  alignment  algorithm  computes  the  discrepancy  between 
the  current  location  and  orientation  of  the  patient  and  the  prescribed 
location  and  orientation. 


1  1 .  Upon  verification  and  activation  of  the  enable  switch,  the  fine  align¬ 
ment  sub-system  automatically  rotates  and  translates  the  patient  to 
correct  for  the  difference  in  location  and  orientation.  This  reposi¬ 
tioning  accounts  for  the  current  table  yaw  angle  but  does  not  correct 
for  yaw  rotation  differences.  (The  x  ray  localization  system  is  currently 
not  linked  to  the  alignment  system  and  therefore  the  repositioning  is 
not  now  automatic.) 

12.  The  alignment  system  is  commanded  to  "set  reference  isocenter".  This 
command  queries  the  gantry  rotation  angle,  gantry  arrival  direction, 
snout  extension,  snout  delta,  and  all  positioner  positions. 

13.  The  aperture  and  bolus  are  installed  into  the  snout,  the  gantry  rotated 
to  the  treatment  angle,  and  the  snout  extended  to  its  treatment 
position. 

14.  The  therapist  commands  the  fine  alignment  sub-system  to  "compen¬ 
sate  isocenter".  This  command  queries  the  gantry  rotation  angle,  gan¬ 
try  arrival  direction,  snout  extension,  snout  delta,  and  all  positioner 
positions.  Upon  activation  of  the  enable  switch,  the  alignment  sub¬ 
system  then  automatically  translates  the  patient  in  all  three  directions 
to  compensate  for  the  gantry  sag,  gantry  arrival  direction,  snout  sag, 
and  snout  skewness. 

1 5.  Treatment  beam  is  delivered. 

1 6.  The  snout  is  retracted  and  the  gantry  rotated  to  90°. 

17.  Steps  13  through  16  are  repeated  for  each  additional  field. 
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Goals  of  Project 


Improve  beam  alignment 
decrease  storage  space  for  R/l  devices 
increase  solid  angle  for  beam  entry 
decrease  perturbations  of  beam 


decrease  time  for  set-up 


Patient  alignment  is  the  process  by  which  a  patient  is 
reproducibly  interfaced  with  equipment  for  the  purposes  of: 

1.  obtaining  anatomical,  morphological,  or  physiological 
information 

2.  performing  treatment  simulations 

3.  delivering  treatments 


The  4  goals  for  patient  alignment  are  to  provide: 

1 .  accurate  aiming  of  beams  (targeting  and  avoidance) 

entry  angle 
entry  position 

2.  accurate  dose  delivery 

depth  of  beam  penetration 

3.  unrestricted  access  to  the  patient  by  radiation  beams 

An  geometry 
non-perturbing 

4.  safety  and  comfort  of  patient 

no  un-natural  positions  or  motions 
quick  un-assisted  egress 


The  patient  alignment  process  ideally  consists  ot  five 
separate  tasks: 

1 .  registration  -  The  patient  is  placed  on  a  patient 
positioner  (PP)  in  a  reproducible  manner. 

Generally  the  patient  positioner  is  a  movable  table.  This  task  is  the  most 
difficult  and  time  consuming  process  in  radiotherapy. 

2.  immobilization  -  The  registered  patient  is  fixated  and 
attached  to  the  PP  so  that  they  move  together  as  a 
single  unit  in  a  controlled  fashion. 

Sometimes  true  immobilization  is  not  possible  such  as  when  allowance  for 
breathing  is  necessary.  Immobilization  may  not  be  needed  for  special 
fechniques  such  as  frameless  radiosurgery  in  which  fhe  beam  follows  the 
patient  movements. 

3.  localization  -  The  location  of  the  target  relative  to  the 
diagnostic,  simulation,  or  treatment  unit  is  determined. 

This  task  can  be  as  simple  as  visualizing  a  light  field  or  as  complex  as  three- 
dimensional  radiographic  triangulation. 

4.  positioning  -  The  PP  is  moved  to  place  the  target  in  the 
desired  orientation  at  the  desired  location. 

Patient  positioners  typically  have  three  mutually  perpendicular  translational 
motions  and  one  or  two  rotational  motions.  High  precision  treatments 
require  three  independent  rotational  motions. 

5.  verification  -  The  patient’s  orientation  and  location  are 
verified. 

The  technique  used  for  this  task  may  or  may  not  be  the  same  technique 
used  for  localization. 


Any  of  these  five  tasks  may  require  iteration  to  succeed. 


Example  R/l  Devices 


Registration  Devices 
standard  contoured  pillows 
Plaster  of  Paris  casts 
fiberglass  tape  and  resin 
low  density  foam  mold 
belly  boards 

scaled,  multi-jointed  supports 
external  ring  adaptor 


Immobilization  Devices 

masking  tape 

belts 

Velcro®  straps 
vacuum  form  mold 
vacuum  bead  bag 
thermoplastic  mold 
external  ring 
bite  block 
rectal  probe 
water,  urine 


Head  Problems 


non-custom  registration 

not  reproducible 
uncomfortable 


immobilization  sheet  shrinkage 

treatment  does  not  match  CT 


limited  beam  access 

plastic  pillow 
table  supports 
mask  frame 


Head  Solutions 


single  C-arm  with  foam  head  cradle  and  mask 

no  interference  for  co-axial  beams 
no  interference  with  anterior  vertex  beams 
posterior  vertex  beams  possible? 


double  C-arm  with  foam  head  cradle  and  mask 

no  interference  for  co-axial  beams 
no  interference  with  anterior  vertex  beams 
posterior  vertex  beams  possible? 

pod  with  foam  head  cradle  and  mask 

minimal  interference  for  co-axial  beams 
minimal  interference  for  vertex  beams 


blue  mask  material 

1/3  shrinkage  compared  to  standard  material 
foam  more  comfortable  to  skin 
less  elastic 


Potential  Pelvic  Mis-Registrations  and  Solutions 


1 .  body  axis  roll  -  use  a  knee  support  to  provide  an 
angulation  between  the  femur  and  the  spine  thereby 
defining  a  plane 

2.  double  leg  roll,  congruent  -  bend  the  knee  to  prevent 
roll 

3.  double  leg  roll,  opposite  -  bend  the  knee  to  prevent  roll 

4.  leg  scissors  (one  up,  one  down)  -  use  knee  supports  with 
the  vertical  positions  scaled 

5.  leg  opening  (distance  between  knees)  -  use  knee 
supports  with  the  horizontal  positions  scaled 

6.  caudal/cranial  slide  -  use  a  heel  support  with  the 
longitudinal  and  lateral  positions  scaled 

7.  jack-knife  (abdomen  vs.  legs)  -  use  side  panels  to 
straighten  abdomen  with  lateral  positions  scaled 


Pelvis  Alignment  Board 


Parts: 

Base  plate 

Adjustable  position  foot  rest  slant  board 
Adjustable  position  heel  cups  (left  and  right) 
Adjustable  elevation  knee  support 
Adjustable  position  knee  rests  (left  and  right) 
Adjustable  position  side  limit  plates  (left  and  right) 
Velcro®  straps  at  knees  and  feet 


Advantage: 

1 .  One  device  per  room. 

Disadvantage: 

1 .  Limits  solid  angle  at  which  beams  may  enter. 
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Future  Activity 


money  to  build  actual  devices? 
industrial  partners? 

Optivus  Technology? 

Precitron? 

Med-Tec? 

Soule? 

Bionix? 


clinical  testing? 


Pc 


f/77-  '•'/?/ 


L  /  '< 


r  x  ■ 

y  V.  ‘I  1 


Name  of  Project  Director: 


No.  26 

Loma  Linda  University/Power 


DESCRIPTION:  State  the  goal  of  the  project,  including  how  it  relates  to  improving  health  care.  Use 
succinct  language  to  describe  how  the  project  goals  will  be  achieved.  Do  not  exceed  the  space 
provided. 


Morning  sickness  is  a  troublesome  and  at  times  serious  condition  that  affects  more  than  one  million 
women  in  this  country  at  an  given  moment  in  time.  It  has  been  little  investigated  and  its  cause  remains 
unknown.  In  this  application  it  is  reported  for  the  first  time,  based  on  new  findings  using  the  advanced 
technology  of  thermography ,  that  nonshivering  thermogenesis  becomes  active  in  brown  adipose  tissue 
of  patients  with  morning  sickness  and  then  regresses  as  symptoms  abate.  There  is  an  associated 
increase  in  thyroid  hormones  (thyroxine,  T3  and  rT3)  and  increased  turnover  of  fatty  acids.  The 
hypothesis  is  put  forward  that  the  fatty  acids,  products  of  lipolysis  in  brown  fat,  known  to  be  highly 
toxic  when  not  bound  to  albumin,  cause  the  nausea  and  vomiting,  anorexic  and  weight  loss  of  severe 
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serve  as  controls.  Blood  samples  will  be  analyzed  for  fatty  acids  and  a  number  of  hormones  and 
metabolites  to  learn  how  the  control  of  brown  fat  metabolism  differs  in  pregnancy.  Although  a  clinical 
trial  is  not  proposed  here,  the  findings  will  be  highly  relevant  to  the  rational  treatment  of  morning 
sickness. 
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Introduction: 


Even  during  the  last  two  years  the  incidence  and  severity  of  morning  sickness  has  been  worsening  in 
this  country  and  throughout  the  world.  The  reason  for  this  increase  in  the  symptoms  of  morning  sickness 
among  pregnant  women  remains  unknown,  as  does  the  underlying  fundamental  cause  of  this  disorder  and  its 
more  severe  form  hyperemesis  gravidarum.  Paradoxically,  interest  in  research  about  this  disorder  remains 
minimal.  It  is  a  disease  largely  ignored  by  men  and  accepted  by  many  women  with  surprising  equanimity.  Its 
fundamental  cause  remains  completely  unknown,  and  at  last  count  at  least  14  causes  have  been  put  forward. 

Morning  sickness  and  its  more  severe  form,  hyperemesis  gravidarum,  are  distinct  syndromes. 
Hyperemesis  occurs  in  0.5  to  10  per  100  pregnancies.  It  is  characterized  by  vomiting  starting  in  the  first  half  of 
pregnancy  that  results  in  weight  loss,  metabolic  disturbances  and  electrolyte  imbalance.  It  may  become  so 
severe  as  to  require  hospitalization  and  termination  of  pregnancy.  As  noted  above,  despite  40  years  of  rigorous 
investigation  and  despite  our  efforts  during  the  past  two  years  its  cause  remains  unknown,  though  we  will  show 
in  this  report  a  distinct  role  for  thyroid  abnormalities  and  our  growing  speculation  for  a  role  for  leptin.  The 
goal  of  this  project  has  been  to  determine  if  morning  sickness  is  a  result  of  metabolic  alterations  during 
pregnancy  related  to  thermogenesis,  in  particular  nonshivering  thermogenesis  in  brown  adipose  tissue.  We 
have  carried  out  in  collaboration  with  Japanese  colleagues  the  largest  study  of  morning  sickness  yet  undertaken 
in  the  world.  A  preprint  of  this  work  is  enclosed  here  as  an  appendix. 

The  heat-sensing  technology  which  makes  this  research  possible  was  originally  developed  for  military 
purposes.  It  is  this  technology  application  that  makes  the  project  relevant  to  NMTB.  Infra-red  thermography 
provides  us  with  a  tool  for  measuring  surface  temperatures  with  extremely  high  precision.  During  the  two 
years  of  NMTB  support,  continuing  to  use  this  technology,  we  have  further  demonstrated  that  brown  adipose 
tissue  becomes  active  in  early  human  pregnancy.  We  have  monitored  the  activity  of  subcutaneous  brown 
adipose  tissue  in  human  subjects  after  eating  and  during  exposure  of  the  hands  to  cold  (cold-pressor  test).  We 
have  obtained  strong  evidence  of  local  thermogenesis  at  the  nape  of  the  neck  in  particular,  and  thermograms 
documenting  this  new  finding  will  be  published  during  the  coming  year.  Infrared  thermography  allows  real¬ 
time  observation  of  the  spatial  distribution  of  heat  generation  in  a  non-invasive  manner  and  so  provides  a 
completely  new  and  powerful  window  into  the  metabolism  of  pregnancy  and  a  tool  to  investigate  the  cause  of 
morning  sickness.  Despite  an  ending  of  NMTB  support  in  November  1999,  we  are  continuing  our  work  and 
two  manuscripts  are  in  preparation. 

Body  of  Report: 

During  the  past  year  of  Testbed  support  we  made  progress  along  several  lines.  This  progress  is  related 
to  specific  aims  later  in  this  report. 

1)  We  confirmed  that  nonshivering  thermogenesis  becomes  activated  in  early  pregnancy.  In  the  past 
year  we  studied  an  additional  15  women  at  San  Bernardino  County  Hospital  (now  Arrowhead)  and  an  additional 
40  women  at  Nippon  Medical  School  Hospital  in  Japan. 

2)  We  observed  a  correlation  between  the  severity  of  symptoms  of  morning  sickness  and  the  extent  of 
thermogenesis. 

3)  We  noted  changes  in  metabolic  hormones,  particularly  of  the  thyroid  axis,  which  are  involved  in  the 
control  of  thermogenesis.  The  paper  submitted  six  months  ago  has  now  been  accepted  and  is  in  press  (See 
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Appendix).  It  relates  morning  sickness  to  elevated  levels  of  reverse  triiodothyronine,  a  metabolic  diversion 
product  away  from  the  physiologically  active  triiodothyronine  T3. 

4)  We  have  analyzed  blood  samples  from  pregnant  women  with  and  without  the  symptoms  of  morning 
sickness  for  a  variety  of  metabolites.  Graphs  of  these  results  are  included  here. 

As  noted  in  the  six-month  report  of  last  June  we  originally  proposed  that  brown  adipose  tissue  becomes 
activated  during  early  pregnancy  and  produces  heat  which  could  be  detected  by  infra-red  thermography.  This 
has  been  confirmed,  now  both  in  this  country  and  in  Japan  where  morning  sickness  is  a  more  serious  and 
prevalent  problem.  It  was  further  postulated  that  as  lipid  stores  are  broken  down  they  release  excess  fatty  acids 
into  the  circulation  whose  concentration  rises  to  toxic  levels  and  cause  the  symptoms  of  morning  sickness.  We 
have  largely  discarded  this  hypothesis  now  as  untenable  because  fatty  acids,  while  increasing  2-  to  4-fold  do  not 
reach  seriously  toxic  levels.  Despite  this  setback,  many  new  lines  of  work  have  opened  up  and  we  are  pursuing 
these  vigorously.  A  number  of  these  relate  to  leptin,  a  hormone  released  by  fat  that  has  actions  on  the  brain. 
Indeed,  levels  of  leptin  are  known  to  be  elevated  in  early  pregnancy,  and  of  most  importance  elevated  levels  of 
leptin  tend  to  induce  nausea.  We  hypothesize  that  morning  sickness  is  caused  by  exaggerated  and  inappropriate 
responses  to  leptin.  This  idea  of  causation  is  not  particularly  related  to  commercial  product  and  becomes 
outside  the  purposes  of  NMTB.  Nevertheless  these  ideas  will  be  pursued  vigorously  without  financial  support 
from  the  Testbed.  Should  commercial  product,  perhaps  in  the  form  of  antilipolytic  or  anti-leptin  therapy, 
become  available  NMTB  will  be  notified. 

The  specific  aims  put  forward  in  the  second  year  application  were  to  obtain  thermograms  of  pregnant 
women  and  record  changes  after  eating,  activation  of  the  sympathetic  nervous  system  by  cold  stress,  and  at 
different  times  during  gestation,  to  measure  selected  hormones  and  metabolites  in  these  various  conditions,  and 
to  measure  the  bound  and  unbound  fractions  of  fatty  acids  (FAs)  in  plasma  and  their  binding  properties  with 
albumin.  The  progress  made  toward  these  goals  is  described  below. 

I.  Japanese  studies.  One  major  group  of  studies  was  carried  out  at  the  First  Hospital  in  Tokyo  Japan  in 
collaboration  with  Drs.  Hirobumi  Asakura  and  Atsuko  Oya.  The  purpose  of  these  studies  was  to  test  whether 
increased  sympathetic  activity  would  stimulate  nonshivering  thermogenesis  in  brown  fat  of  pregnant  women  and 
nonpregnant  controls.  The  goal  was  to  compare  patients  with  hyperemesis  gravidarum,  those  with  mild 
morning  sickness  and  asymptomatic  women.  It  was  elected  to  begin  by  stimulating  the  sympathetic  system  by  a 
cold  stress  in  which  the  women  placed  their  hands  in  moderately  cold  water.  This  was  to  fulfil  part  of  Specific 
Aim  #1  in  the  proposed  work  schedule. 

Subjects.  Three  groups  of  subjects  were  studied.  The  first  group  consisted  of  17  women  with  severe 
hyperemesis  gravidarum  in  whom  there  was  an  average  weight  loss  of  2.66  ±  0.42  kg.  The  second  group 
consisted  of  nine  pregnant  women  with  less  severe  nausea  and  vomiting  who  were  gaining  weight  normally,  an 
average  gain  of  1.38  ±  0.98  Kg.  The  third  group  consisted  of  six  nonpregnant  women  with  stable  weight.  The 
gestational  age  of  the  pregnant  groups  were  comparable,  10.7  and  11.4  weeks  for  the  hyperemesis  and  morning 
sickness  groups,  respectively.  The  women  with  hyperemesis  and  morning  sickness  were  studied  while  they 
were  hospitalized. 

Protocol.  After  informed  consent  was  obtained,  subjects  were  dressed  in  a  hospital  gown  that  exposed  their 
back  and  neck.  Subjects  were  seated  and  allowed  to  become  accustomed  for  5  min  or  more  in  a  room 
maintained  at  26-27°  C.  Thereafter  thermograms  were  recorded  every  5  seconds.  The  thermal  system 
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consisted  of  an  infra-red  camera,  a  color  display,  a  frame  recorder,  and  a  disk  system  for  storage  of  the  data 
(Thermal  Video  System  3000ME, Japan  Avionics,  Tokyo).  It  provided  a  thermal  map  of  the  back,  shoulders, 
and  neck  of  the  subject  by  translating  infrared  emission  from  the  skin  into  a  scale  that  was  internally  calibrated 
for  temperature.  The  instrument  was  adjusted  to  display  16  colors,  each  color  representing  0.3°  C,  spanning 
the  range  from  29  to  33.8°  C. 

After  a  two  minute  control  period  the  subject  was  asked  to  place  her  hands  in  cool  water  (12  °C)  for  50 
seconds.  This  was  done  to  provide  a  cold  stimulus  for  sympathetic  stimulation  and  a  challenge  to 
thermoregulation.  The  woman's  hands  were  then  towel  dried,  and  observations  continued  for  another  3  to  4 
min. 

Blood  samples  were  collected  immediately  before  the  start  of  the  thermographic  observations  and  20 
min  after  the  cold  stimulus.  Samples  were  analyzed  for  free  Tj ,  thyroxine,  and  reverse  Tj  and  fatty  acids. 

Statistical  analysis.  Because  we  just  recently  completed  this  study  the  statistical  analysis  remains  incomplete. 
We  are  expressing  results  as  mean  ±  SEM.  We  are  analyzing  differences  between  the  three  groups  using 
ANOVA  with  repeated  measures  followed  by  Scheffe's  F-test.  We  propose  to  examine  the  influence  of 
individual  factors  using  multiple  linear  regression  with  heat  flux  and  symptoms  as  dependent  variables,  but  this 
has  not  been  done  yet.  We  accept  significance  at  the  traditional  P<0.05  level.  A  paper  is  being  written  in 
Japan  which  I  will  edit  for  publication  in  the  Am  J  Ob  Gyn. 

Results  and  Comment.  Brown  fat  is  located  between  the  scapulae  and  at  the  nape  of  the  neck  in  humans. 

During  the  control  period  82%  (14  of  17)  of  those  patients  with  hyperemesis  showed  a  central  region  between 
the  scapulae  that  was  appreciably  warmer  than  other  regions  of  the  back  and  shoulders.  Thermograms 
comparing  differences  in  this  basal  state  are  shown  in  color  as  appendices  to  this  report.  This  result  may  be 
contrasted  with  56%  (5  of  9)  of  patients  with  milder  morning  sickness  showing  the  warm  regions  and  33%  of 
non-pregnant  women  showing  the  warm  regions.  The  difference  was  statistically  significant  by  Chi  square 
(P< 0.025).  We  interpret  these  results  as  indicating  a  strong  association  between  active  nonshivering 
thermogenesis  in  brown  fat  and  morning  sickness.  We  think  this  is  a  new  and  potentially  important  finding.  It 
does  not,  however,  establish  a  caused  link,  and  there  is  the  alternative  hypothesis  that  the  sympathetic  system 
becomes  activated  as  a  consequence  of  vomiting  and  stress  rather  than  being  its  cause. 

After  immersion  of  the  hands  in  cold  water  the  average  temperature  of  the  entire  back  decreased  in  all 
study  groups.  Then,  after  about  30  seconds,  the  temperature  began  to  increase.  This  result  is  consistent  with 
blood  cooled  by  its  passage  through  the  hands  returning  to  the  central  circulation  and  then,  soon  thereafter, 
thermoregulatory  compensations  such  as  vasoconstriction  coming  into  play. 

During  cooling  of  the  hands  the  central  warm  region  between  the  scapulae  expanded  in  area  in  most 
patients  with  morning  sickness  and  hyperemesis.  An  example  of  this  type  of  response  in  an  individual  patient 
with  hyperemesis  gravidarum  is  shown  on  the  next  page.  We  interpret  this  response  as  indicating  an  increased 
heat  flux  across  the  skin  in  regions  of  brown  fat  depots  during  sympathetic  stimulation,  and  hence  to  be 
consistent  with  a  further  activation  of  nonshivering  thermogenesis  in  this  region. 

To  compare  patients  beginning  from  different  basal  temperatures  we  used  our  measurements  of  heat 
dissipation  provided  by  the  thermal  camera.  We  expressed  heat  flux  as  calories  dissipated  per  unit  area  (err?  ) 
per  hour.  Then,  to  obtain  a  numerical  index  of  thermogenic  activity,  we  calculated  the  ratio  of  heat  flux  in  the 
interscapular  warm  area  divided  by  heat  flux  from  other  areas  of  the  back  and  multiplied  the  result  by  100. 


5 


We  interpret  these  data  as  indicating  greater  basal  thermogenic  activity  in  the  patients  experiencing  the 
symptoms  of  morning  sickness,  especially  in  those  patients  with  hyperemesis.  The  data  also  strongly  suggest 
greater  increases  in  thermogenic  activity  after  sympathetic  stimulation  in  patients  with  morning  sickness.  This 
also  is  a  new  and  potentially  important  finding,  but  again  does  not  establish  a  causal  link.  A  second  paper  is 
being  prepared  which  will  report  changes  in  heat  production  in  morning  sickness  which  should  be  ready  in 
about  6  months.  Our  findings  suggest  changes  in  metabolic  control  in  early  pregnancy  that  may  be  related  to 
the  mobilization  of  energy  stores  for  placental  and  embryonic  use,  especially  protein  synthesis. 

The  results  of  blood  sampling  for  thyroid  hormone  and  fatty  acid  concentrations  in  the  three  groups  are 
given  in  the  following  table.  The  data  are  for  samples  collected  during  the  initial  control  period.  Their  values 
did  not  change  measurably  in  the  samples  collected  after  cold  stimulation. 


Hyperemesis 

Morning  sickness 

Non-pregnant 

Thyroxine  (pg/ml) 

4.01  +  0.62* 

3.04  +  0.12 

3.06  +  0.10 

T3,  triiodo¬ 

thyronine,  (pg/dl) 

1.44  +  0.22* 

1.00  +  0.10 

1.19  +  0.04 

Reverse  T3  (ng/ml) 

459  +  68* 

405  +  29 

262  +  16 

Non-esterified 

fatty  acids,  (mEq/1) 

0.0.45  +  0.14* 

0.22  +  0.05 

0.32  +  0.07 

*  Significantly  higher  than  non-pregnant  control. 

To  summarize  the  thyroid  data  we  can  note  that  all  thyroid  hormones  are  elevated  despite  a  low  thyroid 
stimulating  hormone  TSH  signal  from  the  pituitary.  This  is  especially  true  for  reverse  ^  .  We  interpret  these 
findings  as  indicating  an  increased  release  of  thyroxine  into  the  circulation.  The  reason  for  this  is  not  clear 
because  TSH  has  actually  declined,  perhaps  as  part  of  efforts  at  control  by  negative  feedback.  Most 
provocatively,  the  data  are  consistent  with  peripheral  conversion  of  thyroxine  to  Tj  in  brown  fat  which  occurs 
by  virtue  of  Type  II  5'-deiodinase,  a  special  enzyme  found  in  this  tissue.  This  type  of  5'-deiodinase  is  also 
found  in  the  brain,  and  one  may  speculate  about  possible  links  to  altered  cerebral  metabolism,  nausea,  weight 
loss,  and  other  findings  of  hyperemesis.  In  any  case,  the  elevated  thyroid  hormones  demonstrated  in  this  study 
are  consistent  with  increased  metabolic  rate  throughout  the  body  and  in  brown  fat  in  particular.  These  changes 
occur  despite  what  appears  to  be  a  compensation,  effect  in  part,  that  diverts  thyroxine  from  the  metabolically 
active  T3  to  the  inert  reverse  T3 . 

This  conclusion  is  further  supported  by  the  negative  correlation  between  weight  loss  and  the  heat 
dissipation  ratio.  The  figure  in  the  appended  paper  indicates  that  those  patients  with  greatest  thermogenic 
activity  tended  to  experience  the  most  weight  loss. 

Such  responses  have  not  been  reported  previously  to  our  knowledge,  and  we  believe  they  provide  hints 
towards  understanding  thermoregulation  in  early  human  pregnancy  and  possibly  the  cause  of  morning  sickness. 

The  elevations  in  plasma  levels  of  fatty  acids  we  measure  are  statistically  significant  and  of  possible 
physiologic  importance.  However,  the  fatty  acid  concentrations  are  not  particularly  high  and  do  not  extend  into 


6 


the  range  of  >  1.0  Meq/L  wherein  FAs  would  saturate  their  binding  sites  on  albumin.  These  modest  elevations 
in  total  fatty  acids  do  not  preclude  greater  increases  in  the  unbound  fraction  of  the  fatty  acids.  This  fraction 
must  be  measured  directly  before  the  fatty  acid-toxicity  hypothesis  can  be  further  supported  or  refuted.  This 
work  remains  for  the  future.  Nonetheless,  the  modest  increases  of  FAs  after  sympathetic  stimulation  have 
dampened  my  enthusiasm  for  the  earlier  hypothesis. 

II.  USA-based  studies. 

Thermal  camera  and  accessories.  These  studies  are  being  carried  out  with  a  thermal  infra-red  camera 
purchased  with  NMTB  funds  that  has  a  higher  spatial  resolution  and  higher  temperature  sensitivity  than  the  one 
we  are  currently  using  in  Japan.  In  the  past  year's  work  we  have  been  able  to  discriminate  between  areas  of 
thermogenic  activity  and  areas  of  non-activity  where  the  temperature  difference  is  only  0. 1-0.2°  C. 

Assays  and  other  analytical  methods.  We  have  continued  to  develop  the  assays  and  other  analytical  methods 
needed  for  these  studies.  In  the  past  six  months  we  analyzed  plasma  samples  for  thyroxine,  Tj  ,  reverse  Tj  ,  and 
TSH.  The  thyroid  hormones  are  elevated,  but  not  so  much  so  as  our  studies  in  Japan.  In  our  initial  analysis  the 
elevation  of  these  hormones  and  metabolites  correlated  directly  with  the  severity  of  morning  sickness  (the  latter 
based  on  patients  subjective  reporting  of  the  severity  of  her  nausea).  Then  with  reassessment  of  patients 
severity  these  direct  correlations  could  no  longer  be  demonstrated.  We  are  studying  additional  patients, 
especially  in  the  severe  hyperemesis  group,  in  an  effort  to  resolve  these  statistical  uncertainties. 

Human  studies.  We  have  carried  on  these  studies  for  the  past  year  with  NMTB  funds  and  to  date  have  studied 
about  30  patients  at  the  Arrowhead  Medical  Center.  We  are  now  obtaining  follow-up  studies  of  patients  with 
morning  sickness  later  in  pregnancy  and  after  delivery.  We  began  studying  the  effects  of  a  carbohydrate  meal, 
as  this  intervention  is  most  readily  accepted  by  the  patients  experiencing  nausea.  We  are  currently  beginning 
our  study  of  sympathetic  stimulation  (cold  pressor  test),  as  we  have  been  doing  in  Japan.  To  date  we  have 
studied  two  women  in  this  manner.  We  have  not  yet  begun  our  studies  of  caffeine  intake  in  coffee  and  tea 
drinkers.  We  showed  these  results  as  color  printouts  from  the  thermal  camera  as  an  appendix  to  our  report  6 
months  ago.  The  thermograms  showed  a  marked  difference  between  non-pregnant  and  pregnant  women  with 
morning  sickness.  These  differences  are  regarded  as  perhaps  the  most  important  discovery  made  with  NMTB 
support  because  they  indicate  changes  in  adult  metabolic  controls  in  early  pregnancy,  increased  lipolysis, 
increased  heat  production,  increased  oxygen  consumption,  all  of  which  may  be  associated  with  mobilization  of 
maternal  energy  stores  for  placental  and  embryonic  synthesis. 

Evolution  of  concepts  and  recent  information  regarding  leptin. 

Based  on  our  results  during  Testbed  support  and  recent  advances  reported  in  the  literature  we  will 
increasingly  direct  our  focus  on  interactions  between  leptin,  brown  adipose  tissue  activation,  and  morning 
sickness. 

Background.  We  have  observed  that  women  with  morning  sickness  have  significantly  increased 
thermogenically  active  brown  adipose  tissue  along  with  a  concomitant  increase  in  plasma  free  fatty  acids.  This 
activation  of  brown  adipose  tissue  during  early  pregnancy  removes  maternal  energy  stores.  Because  the 
mitochondria  of  brown  adipose  tissue  contain  uncoupling  protein,  there  is  a  dissociation  between  mitochondrial 
oxidation  and  energy  formation.  The  uncoupling  protein  disrupts  the  normal  proton  gradient  across  the  inner 
mitochondrial  membrane  and  causes  a  large  fraction  of  mitochondrial  oxidation  to  result  in  heat  production 
rather  than  ATP  formation.  This  system  is  an  important  thermoregulatory  response  that  allows  animals  to  use 
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stored  fatty  acids  to  generate  heat.  Brown  fat  activation  has  also  been  thought  of  as  a  mediator  of  full-body 
metabolism,  effectively  reducing  fat  stores  in  an  effort  to  maintain  body  weight  limits. 

It  would  seem  paradoxical  that  women  with  morning  sickness  would  possess  active  brown  fat.  In  early 
pregnancy,  energy  expenditure  is  higher  than  normal,  as  there  is  the  need  for  synthesis  of  embryonic,  placental 
and  well  as  new  maternal  tissues.  It  is  possible  that  the  increase  of  free  fatty  acids  in  plasma  and  brown  fat 
activation  represent  a  state  of  altered  energy  homeostasis. 

Recently,  other  investigators  have  established  a  link  between  the  hormone  leptin  and  the  regulation  of 
brown  fat  activation.  These  investigators  found  that  leptin  increases  energy  expenditure  and  sympathetic 
outflow  to  brown  fat.  In  addition,  leptin  was  found  to  increase  levels  of  mRNA  rat  uncoupling  protein 
transcription.  These  results  are  consistent  with  the  role  of  leptin  acting  as  a  mediator  of  body  fat  stores.  Leptin 
has  also  been  shown  to  directly  increase  the  production  of  active  thyroid  hormones,  which  are  active  in 
regulating  whole-body  metabolism  and  brown  fat  activation. 

Until  recently,  the  production  of  leptin  has  been  thought  to  be  directly  linked  to  the  amount  of  stored  fat 
in  the  body,  with  increases  in  the  synthesis  and  secretion  of  leptin  as  fat  mass  grows.  Now,  however,  several 
biochemical  mediators  have  been  shown  to  increase  leptin  without  a  corresponding  increase  in  fat  mass. 

Increases  in  leptin  production  have  been  observed  with  the  addition  of  insulin,  estrogen,  and  the  thyroid 
hormones  and  inhibited  by  cortisone.  Significantly,  Highman  et  al.  found  that  serum  leptin  concentrations  were 
increased  without  corresponding  increases  in  metabolic  rate  during  early  pregnancy.  They  concluded  that  the 
increases  of  leptin  levels  were  due  to  factors  other  than  the  amount  of  body  fat  in  pregnant  subjects.  They 
suggest  that  pregnancy  represents  a  leptin-resistant  state,  which  would  be  a  necessary  metabolic  adaptation  for 
maintaining  a  viable  pregnancy. 

In  light  of  this  new  evidence,  we  are  pursuing  the  hypothesis  that  women  with  morning  sickness  have 
increased  plasma  leptin  concentrations  and  are  not  leptin  resistant.  Thus,  leptin  would,  we  hypothesize, 
increase  whole-body  metabolic  rate,  activate  brown  adipose  tissue  and  suppress  appetite.  This  increase  in 
metabolism  and  decrease  in  food  intake  would  increase  lipolysis.  Because  pregnancy  requires  nutrients  and 
energy  for  proper  growth  and  formation  of  the  embryo  and  later  the  fetus,  the  mother  is  in  a  state  of  caloric 
debt.  We  postulate  these  alterations  in  leptin  homeostasis  would  affect  whole-body  hormone  production  and 
metabolic  rate  resulting  in  illness,  in  short  we  hypothesize  that  hyperemesis  is  caused  by  inappropriate 
responses  to  the  normal  increase  in  leptin  that  occurs  in  early  pregnancy. 

In  the  coming  year,  without  NMTB  support,  we  propose  to  measure  brown  fat  activation,  plasma  leptin 
concentrations,  the  thyroid  hormones,  human  chorionic  gonadotrophin,  and  fatty  acid  production.  We  will 
correlate  these  responses  with  one  another  and  note  changes  with  time.  Our  broad  goal  will  continue  to  be  to 
seek  a  cause-and-effect  relationship  that  could  explain  the  genesis  of  morning  sickness. 

Conclusions: 

Two  years  is  too  short  a  period  of  time  for  significant  biomedical  research.  Nonetheless  wee  have 
shown  for  the  first  time  that  there  is  localized  heat  production  at  the  nape  of  the  neck  where  brown  fat  is  located 
in  human  beings.  This  is  a  fundamental  new  discovery  that  merits  further  work.  This  site  becomes 
thermogenically  active  in  pregnant  women  and  especially  in  pregnant  women  with  morning  sickness.  Although 
this  activation  is  a  new  discovery  with  regards  to  pregnancy,  similar  responses  have  been  found  in  patients  with 
sepsis,  those  with  pheochromocytoma,  and  in  Eskimos  living  in  cold  environments.  We  also  find  increases  in 
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the  circulating  levels  of  thyroid  hormones  despite  low  levels  of  TSH,  suggesting  a  non-thyroid  origin  of  the 
hormones-perhaps  in  brown  fat  itself.  And  finally  we  observe  a  correlation  between  increased  thermogenic 
activity  and  weight  loss  in  patients  with  hyperemesis  gravidarum.  These  are  important  leads  to  pursue  to 
understand  the  genesis  of  morning  sickness.  They  do  not  necessarily  establish  a  causal  relationship  between 
activation  of  nonshivering  thermogenesis  and  morning  sickness. 

In  the  next  two  years  the  principal  investigator  proposes  to  write  two  papers  further  describing  results 
obtained  with  NMTB  support.  Copies  will  be  submitted  for  clearance.  There  is  a  patient  base  for  follow-up 
studies. 

In  conclusion  I  would  like  to  publicly  thank  NMTB  for  its  financial  support.  I  would  like  to  express 
appreciation  to  all  who  made  these  time-consuming  and  difficult  clinical  studies  possible.  These  include  many 
workers  in  Japan,  and  also  at  San  Bernardino  County  Hospital  (Arrowhead),  and  at  Loma  Linda  University 
Medical  Center.  Among  those  receiving  financial  support  from  the  Testbed  are  the  following:  Gordon  Power, 
MD;  Shannon  Bragg,  MS;  Tomoaki  Murata,  MD;  Jiang  Lan,  MS;  Hirobumi  Asakura,  MD;  Atsuko  Oya,  MD; 
and  Jan  Craig.  Last  of  all  I  would  like  to  thank  the  pregnant  women  and  control  subjects  for  allowing 
themselves  to  be  studied. 

As  I  noted  in  the  six  month  progress  report  a  rational  treatment  of  morning  sickness  will  be  possible 
one  day.  In  particular,  treatment  with  propranolol  (Inderol),  a  long-acting  adenosine  analogue,  and 
prostaglandin-related  drugs  would  be  reasonable,  as  these  are  all  potent  inhibitors  of  brown  adipose  tissue 
activation.  In  addition,  it  may  become  possible  to  modify  responses  to  leptin.  As  I  noted  before,  much  caution 
is  required  because  the  embryo  is  at  the  critical  organogenesis  stage  when  morning  sickness  is  at  its  worst  and 
any  drug  treatment  must  require  an  ardent  balancing  of  therapy  and  risk. 


c:\office\arpa\mom_sic\apply_98\final_rp.doc 


9 


Hirobumi  Asakura  •  Syouiti  Watanabe 

Atsuko  Sekiguchi  *  Gordon  G.  Power  •  Tsutomu  Araki 

Severity  of  hyperemesis  gravidarum 
correlates  with  serum  levels  of  reverse  T35 


JAN  1  9  2000 


Received:  June  1999  /  Accepted:  29  November  1999 


Abstract  To  investigate  the  possible  physiological  rele¬ 
vance  of  extra-thyroidal  production  of  reverse  T3  (rT3) 
in  hyperemesis  gravidarum,  measurements  of  serum  rT3, 
free  T3  (FT3),  free  T4,  (FT4),  and  nonesterified  fatty  ac¬ 
ids  (NEFA)  were  correlated  with  weight  loss  of  hyper¬ 
emetic  women.  All  the  thyroid  hormones,  NEFAs  and 
weight  loss  were  significantly  higher  in  hyperemesis 
gravidarum  than  in  control  subjects,  and  also  higher 
than  in  those  with  milder  symptoms  of  morning  sickness 
(p  <  0.05).  Elevations  of  FT3,  FT4  and  NEFAs  correlated 
with  the  extent  of  weight  ioss,  the  latter  taken  as  the 
index  of  the  severity  of  hyperemesis  gravidarum 
( p  <  0.05).  Only  rT3  correlated  with  both  weight  loss 
and  the  rate  of  lipolysis,  as  reflected  by  elevations  of 
NEFAs  {p  <  0.05).  The  data  are  consistent  with  a  shift 
from  T3  to  rT3  as  products  of  5'~monodeiodination  of 
thyroxine  in  hyperemesis  gravidarum.  Because  reverse 
T3  is  physiologically  inactive  a  control  mechanism  may 
be  postulated  wherein  T3  production  is  minimized, 
thereby  reducing  weight  loss  and  lipolysis  in  patients 
with  hyperemesis  gravidarum. 
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T3  *  Reverse  T3  •  Fatty  acids 
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Introduction 

Hyperemesis  gravidarum,  is  a  distinct  syndrome  occur¬ 
ring  in  0.5-10  per  100  pregnancies.  It  is  characterized  by 
vomitig  starting  in  the  first  half  of  pregnancy  that  results 
in  weight  loss,  metabolic  disturbances  and  electrolyte  im¬ 
balance.  It  may  become  so  severe  as  to  require  hospital¬ 
ization  and  termination  of  pregnancy.  In  view  of  the 
structural  similarities  between  human  chorionic  gonado¬ 
tropin  (hCG)  and  thyroid  stimulating  hormone  (TSH). 
links  between  hCG,  and  thyroid  stimulation  have  been 
proposed  [12].  Endocrine  abnormalities  in  hyperemesis 
gravidarum  have  been  postulated  and  evidence  presented 
[6].  However,  there  remains  controversy  concerning  the 
pathogenic  role  of  the  thyroid  axis  in  hyperemesis  gravi¬ 
darum  and  morning  sickness  [2,  10,  18,  19, 21]. 

Juras  et  ai  [8]  showed  increased  conversion  of  T4  to 
reverse  T3  (rT3)  in  hyperemesis  gravidarum.  This  con¬ 
version  occurs  largely  in  the  peripheral  tissues  without 
apparent  over-activity  of  thyroid  gland  itself.  During 
fasting  in  nonpregnant  subjects  T3  gradually  decreases 
while  there  is  an  associated  increase  of  the  biologically 
inactive  rT3  [13,  15].  This  shift  to  rT3  is  potentially  use¬ 
ful  to  the  body  because  it  reduces  the  physiological  ac¬ 
tive  metabolite  of  thyroxine  T3,  and  thereby,  together 
with  other  changes  in  the  growth  hormone  and  adrenal 
axes  in  fasting  [13],  maintains  energy  stores  and  causes 
less  stimulation  of  metabolic  rate. 

In  many  respects  hyperemesis  gravidarum  resembles 
fasting.  There  is,  for  instance,  reduced  food  intake  and 
hence  limited  availability  of  energy  sources,  fluids, 
iBBft&w-  and  other  nutrients.  Thus  circulating  levels  ot 
rT3  may  be  postulated  to  increase  in  hyperemesis  as  in 
fasting,  and  its  concentration  would  provide  an  index  of 
the  severity  of  hyperemesis  gravidarum.  Alternatively, 
there  may  be  fundamental  differences  in  the  thyroid  axis 
during  hyperemesis,  but  this  remains  speculative  because 
Juras  et  at.  [8]  reported  thyroid  function  is  normal  in  pa¬ 
tients  with  hyperemesis  gravidarum. 

In  this  study  we  hypothesized  that  serum  levels  of  rT- 
would  provide  a  useful  index  of  the  severity  of  hypere- 


mesis  gravidarum.  We  selected  weight  loss  as  an  inde¬ 
pendent  and  quantifiable  measure  of  the  severity  of  liy- 
peremesis.  We  also  determined  non-esterified  fatty  acids 
(NEFAs)  as  an  estimate  of  the  increased  lipolysis  that  ac¬ 
companies  weight  loss  and  hyperemesis.  Lipolysis  is 
known  to  be  stimulated  by  hyperthyroidism.  ; 


Methods  ^ 

I 

The  group  of  patients  with  hyperemesis  consisted  of  80  pregnant 
women  who  were  admitted  to  Nippon  Medical  School  hospital 
and  three  regional  hospitals  from  January  1993  until  December 
1998.  The  indications  for  their  admission  were  severe  weiglA  loss 
in  recent  weeks,  chronic  weight  loss  of  more  than  5  kg  fronAhpir 
weight  before  conception,  or  their  inability  to  retain  food  beo^pj^ 
of  intractable  vomiting  persisting  for  several  days.  Thefpatients* 
ages  ranged  from  22-37  years  and  gestational  ages  rangecHt5rrf 
7-16  weeks. 

A  second  study  group  of  patients  consisted  of  30  pregant  women 
with  morning  sickness  admitted  during  the  same  time  period.  The 
symptoms  in  this  group  were  not  as  severe  as  in  those  with  hypere¬ 
mesis.  These  women  suffered  from  nausea,  but  their  vomiting  was 
less  frequent  and  not  so  severe  that  they  required  medical  treatment. 
In  these  pregnant  women  the  abnormalities  of  electrolytes  and  liver 
function  were  absent  or  the  tests  were  not  performed. 

A  third  group  of  women  served  as  a  control  population.  It  con¬ 
sisted  of  30  non-vomiting,  healthy  pregnant  women  who  were 
matched  for  age,  ideal  body  weight,  and  gestational  age  with  pa¬ 
tients  with  hyperemesis  gravidarum. 

During  their  study  patients  from  all  groups  were  admitted  to 
the  hospital.  Venous  blood  was  typically  sampled  for  hematocrit, 
electrolyte  values,  and  liver  function  chemistries.  Those  patients 
with  hyperemesis  typically  evidenced  ketonuria  and  required  in¬ 
travenous  fluid  therapy  with  multivitamins.  In  some  instances  this 
treatment  was  necessary  to  correct  electrolyte  abnormalities  and 
liver  function  abnormalities. 

None  of  the  patients  was  given  p-agonists.  Those  patients  and 
control  subjects  with  thyroid  disease,  detected  by  characteristic 
clinical  and  laboratory  findings  including  abnormal  levels  of  anti¬ 
thyroid  antibodies,  were  excluded  from  the  study.  One  subject  re¬ 
quired  termination  of  pregnancy  and  all  subjects  but  one  were  im¬ 
proved  within  several  weeks  by  the  intravenous  fluid  therapy  and 
hospitalization  described  above. 


Blood  sampling 

Blood  was  withdrawn  from  a  cubital  vein  early  in  the  morning 
(before  breakfast  in  those  ingesting  food).  Assays  were  performed 
using  plasma  separated  from  blood  after  centrifugation.  Measure¬ 
ments  included  the  thyroid  hormones  free  T3  (FT3),  free  T4  (FT4), 


and  iT3  and  NEFAs.  The  thyroid  hormones  and  NEFAs  were  mea¬ 
sured  by  RIA  as  described  in  earlier  work  [4, 9]. 

Statistical  analysis 

The  severity  of  hyperemesis  gravidarum  was  estimated  by  weight 
loss  from  the  preconception  period  or,  if  a  clinic  visit  was  made 
within  six  weeks  after  conception,  from  the  weight  recorded  at  the 
time  of  that  clinic  visit.  Weight  loss  was  used  as  the  independent 
variable  and  thyroid  hormones  and  NEFAs  were  taken  as  depen¬ 
dent  variables.  Least-squares  regression  methods  were  used  to  an¬ 
alyze  the  relation  among  these  parameters.  Students  /-test  was 
used  to  test  the  significance  of  differences  between  control  and  ex¬ 
perimental  groups.  The  level  of  significant  was  set  at  p  <  0.05. 


Results 

Weight  loss  and  gestational  weeks  in  subjects 

The  weight  loss  in  hyperemesis  patients  averaged  4.57  ± 
3.38  kg,  as  shown  in  Table  1.  The  loss  varied  widely 
from  14.8-3.8  kg.  The  weight  loss  of  this  group  was  ap¬ 
preciably  higher  than  those  with  morning  sickness  (0.85 
±1.41  kg)  and  may  be  contrasted  with  the  weight  gain  of 
0.78  ±  1.89  kg  in  control  subjects. 

Hyperemesis  patients  were  studied  after  5-14  weeks 
of  gestation,  mean  1 1.7  weeks,  a  somewhat  longer  period 
than  study  of  patients  with  morning  sickness  (9.7  weeks) 
and  control  subjects  (10.9  weeks).  In  hyperemetic  pa¬ 
tients  weight  loss  tended  to  be  more  severe  in  those  pa¬ 
tients  studied  later  in  their  pregnancy  (r  =  0.32,  p  < 
0.05),  and  thus  their  weight  loss  reflected  both  the  sever¬ 
ity  and  duration  of  hyperemesis  gravidarum. 

Thyroid  hormones  and  NEFA  in  different  groups 

Both  [T3]  and  [T4]  were  measurably  higher  in  serum  of 
patients  with  hyperemesis  gravidarum  as  compared  with 
control  subjects  and  morning  sickness  patients  (p  < 
0.001).  Patients  with  morning  sickness  also  showed 
chemical  evidence  of  hyperthyroidism  when  compared 
with  control  subjects  (p  <  0.01)  (Table  1). 

Serum  levels  of  NEFAs  was  significantly  higher  in 
hypremesis  gravidarum  patients  than  in  the  control  wom- 


Table  1  Variation  of  gestational  weeks,  weight  loss,  thyroid  hormones  and  non-esterified  fatty  acid  (NEFA)  in  different  subjects  and  control 


Gestational 

Weeks 

Weight  Loss 

1kg] 

FT4 

[ng/dL] 

FT3 

[pg/mL] 

Reverse  T3 
[pg/mL] 

NEFA 

[rnEQ/L] 

Hyperemesis 

gravidarum 
(n  =  80) 

11.7  ±3.0** 

-4.57  ±3.38  ** 

2.11  ±  1.13  ** 

4.69  ±  2.44  ** 

720.6  ±433.7  ** 

0.60  ±0.36  ** 

Morning 
sickness 
(n  =  30) 

9.7  ±  2.6 

-0.85  ±  1.41  * 

1.39  ±0.53* 

3.23  ±  0.84  * 

439.7  ±  162.8 

0.43  ±0.38 

Control 
(n  =  30) 

10.9  ±  2.5 

0.78  ±  1.89 

1.27  ±0.21 

2.75  ±  0.46 

381.1  ±57.53 

0.24  ±0.1 5 

**  and  *  indicate  p  <  0.001  and  p  <  0.01  vs.  control.  Values  are  given  as  mean  ±  SEM 
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Fig.  X  Correlation  between  thyroid  tformones  and  weight  change 
in  early  pregnancy.  Open  squares  (JJ2fiS®>patients  with  hypereme¬ 
sis  gravidarum,  closed  circles  thosSwith  morning  sickness,  and 
closed  squares  asymptomatic  pregnant  women.  Regression  curves 
are  as  follows:  Free  T4  -  1.39  e<-o-05fi,x>t  (r  =  0.46,  n  =  158,  p 
<  0.05);  Free  T3  =  3.09  cH*™***,  (r  =  0.52,  n  =  177,  p  <  0.05);  re¬ 
verse  T3  =  460  e("°*059X\  (r  =  0.44,  n=  103,  p  <  0.05),  where  X  is 
weight  ioss  in  kg 


en  (p  <  0.001).  No  measurable  differences  of  NEFAs 
were  found  between  patients  with  morning  sickness  and 
hyperemesis  gravidarum  (Table  1). 


Comment 

The  elevation  of  serum  levels  of  thyroxine  [T4]  and  tri¬ 
iodothyronine  [T3]  in  hyperemesis  gravidarum  have  been 
reported  previously  [3,  12,  17],  although  not  found  by  all 
investigators  [8],  and  not  always  interpreted  as  indicative 
of  a  hyperthyroid  condition  [12].  The  findings  of  in¬ 
creased  reverse  triiodothyronine  [rT3]  and  its  correlation 
with  the  severity  of  hyperemesis  gravidarum  are  new  in 
this  report  and  provide  further  insights  into  the  role  of 
thyroid  hormones  in  hyperemesis  gravidarum. 


Interrelationships  among  weight  loss,  thyroid  hormones, 
and  NEFAs 

A  negative  correlation  was  observed  between  weight 
change  and  each  of  thyroid  hormones  that  was  measured 
( p  <  0.05)  (Fig.  1).  Correlation  coefficients  were  0.46, 
0.52,  and  0.44  for  FT4,  FT3,  and  rT3,  respectively.  A  neg¬ 
ative  correlation  was  also  observed  between  weight 
change  and  NEFAs  (r  =  0.35,  p  <  0.05)  (Fig.  2). 


Relationship  between  NEFAs  and  thyroid  hormones 

NEFAs  were  higher  in  those  women  with  elevated  levels 
of  rT3  (p  <  0.05),  as  shown  in  Fig.  3.  The  levels  of 
NEFAs  were  not  correlated  with  FT3  and  FT4.  The  levels 
of  NEFAs  correlated  weakly  with  the  ratio  of  FT3  to  FT4 
(r  =  0.39,  p  <  0.05)  (Fig.  4),  a  result  that  indicates  a  shift 
in  the  peripheral  conversion  of  T4  away  from  the  physio¬ 
logical  active  T3.  No  measurable  correlation  was  found 
between  NEFAs  and  the  ratio  of  rT3  to  T4. 


Role  of  peripheral  tissues 

Thyroxine  is  metabolized  by  5'-monodeiodination  to  either 
T3  or  reverse  T3.  This  process  occurs  largely  in  extra-thyroi- 
dad  sites.  In  the  case  of  the  rT3  found  in  serum,  more  than 
97%  has  its  origin  in  extra-thyroidal  sits  [5].  Wolf  and  Keck 
[22]  have  emphasized  the  importance  of  local  intracellular 
generation  of  T3  in  cells  of  human  adipose  tissue.  Some 
76%  of  the  body’s  T3  is  located  in  the  muscle,  skin,  and  gut 
as  a  slow  pool.  Nineteen  percent  is  found  in  liver  and  kid¬ 
ney  as  a  fast  pool,  and  only  5%  is  located  in  the  plasma. 
This  partitioning  among  various  peripheral  tissues  has  not 
been  worked  out  for  pregnancy,  either  with  or  without  hy¬ 
peremesis.  In  particular,  the  role  of  the  placenta  and  fat  are 
largely  unexplored.  Fat  is  of  special  interest  because  brown 
adipose  tissue  converts  T4  to  T3  in  rats  [14],  and  there  is 
preliminary  evidence  that  brown  adipose  tissue  may  become 
active  in  early  human  pregnancy  (unpublished  results). 


Usefulness  of  rT3  as  an  index  of  the  severity  of  hyperemesis 

In  the  present  study  weight  loss  was  taken  as  an  index  of 
the  severity  of  hyperemesis.  It  correlated  as  shown  in  Fig. 
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Fig.  2  Correlation  between 
non-esterified  fatty  acids 
(NEFAs)  and  weight  change  in 
early  pregnancy.  The  regression 
curve  is:  NEFA  -  0.396  - 
0.0364  X,  where  x  is  weight 
loss,  (r  =  0.35,  /i=  180,  p 
<  0.05).  Open  squares  indicted 
results  of  patients  with  hypere¬ 
mesis  gravidarum,  closed  cir¬ 
cles  those  with  morning  sick¬ 
ness,  and  closed  squares  those 
with  morning  sickness,  and 
closed  squares  those  of  asymp¬ 
tomatic  pregnant  women 
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Fig.  3  Correlation  between  re¬ 
verse  T3  and  non-esterified  fat¬ 
ty  acids  (NEFAs).  The  regres¬ 
sion  curve  is:  reverse  T3  =  376 
e(0.8iX)t  where  x  is  NEFA,  (r  = 
0.53,  n  =  103,/?  <0.01) 
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1  with  [rTj].  The  correlation  was  tighter  than  observed 
for  either  [T3]  or  [T4],  whose  results  are  also  shown  in 
Fig.  1 .  Reverse  [T3]  may  bfe  a  particularly  useful  as  an  in¬ 
dex  of  the  severity  of  hyperemesis  gravidarum  because  it 
is  cleared  about  threefold  /a5tp  from  the  serum  than  T3 
[5],  yet  its  serum  level  remains  some  100-fold  greater. 
Thus  there  is  a  far  more  rapid  production  of  rT3  as  well  as 
a  more  rapid  clearance  than  is  the  case  of  T3.  This  rapid 
turnover  of  rT3  indicates  its  serum  concentration  is  a  rap¬ 
id  responding  index  of  thyroid  axis  activity. 


Comparison  between  fasting  and  hyperemesis  gravidarum 


NEFA  (mEq/L) 


ing,  malnutrition  and  acute  illness  are  known  to  be  associ¬ 
ated  with  a  decreased  conversion  of  T4  to  T3  [16]  and  re¬ 
duced  concentrations  of  T3  in  serum  [13,  15].  This  reduc¬ 
tion  of  [T3]  avoids  the  metabolic  stimulation  that  would 
otherwise  tend  to  further  deplete  energy  stores.  In  hypere¬ 
mesis  the  mean  dietary  intake  of  most  nutrients,  including 
energy  sources  and  vitamins,  falls  below  50%  of  recom¬ 
mended  dietary  allowances  [20].  In  hyperemesis,  howev¬ 
er,  rr3]  as  well  as  [T4]  increase,  as  shown  by  the  data  in 
the  Table.  Because  this  increase  of  physiological  active 
thyroid  hormones  has  the  potential  to  aggravate  the  severi¬ 
ty  hyperemesis  gravidarum  and  contribute  to  weight  loss, 
it  may  be  postulated  to  play  a  role  in  its  genesis,  rather 


than  its  moderation.  These  divergent  results  strongly  sug- 
A1  though  similarities  exist  between  fasting  and  hypereme-  gest^  fundamental  differences  between  hyperemesis  and 
sis  gravidarum  there  are  also  important  differences.  Fast-  fasting  despite  the  limitation  of  energy  sources  in  both. 


0  0.5  1  1.5 


NEFA  (mEq/L) 

Fig.  4  Correlation  between  the  ratio  of  free  T3  to  free  T4  and  non- 
esterified  fatty  acids  (NEFA) 


It  would  appear  therefore  that  elevations  of  T3  and  T4 
may  aggravate  the  hyperemetic  condition,  particularly 
the  weight  loss,  but  other  studies  are  at  variance  with  this 
conclusion  [19,  21].  This  difference  of  interpretation 
may  arise  in  part  because  of  the  wide  variation  in  the  se¬ 
verity  of  symptoms  of  morning  sickness  and  hypereme¬ 
sis  gravidarum,  difficulties  defining  the  condition,  and 
the  limited  number  of  patients  in  some  earlier  studies. 


Interpretation  of  increased  [rT3] 

Elevated  levels  of  rT3  in  patients  with  hyperemesis 
gravidarum  and  to  a  less  extent  in  those  with  morning 
sickness  may  simply  represent  an  accumulation  of  the  in¬ 
active  metabolite  that  comes  about  because  of  accelerat¬ 
ed  metabolism  of  thyroxine.  This  would  be  an  anticipat¬ 
ed  response  caused  by  mass  action  once  [T4]  becomes 
increased.  Alternatively,  the  measured  increases  of  [rT3] 
may  be  postulated  to  be  a  consequence  of  metabolic  con¬ 
trols,  whereby  the  body  would  divert  the  products  of  thy¬ 
roxine  away  from  the  stimulation  that  would  come  if  T3 
were  the  principal  5'-monodeiodination  product  rather 
than  the  inert  rT3.  A  compensatory  diversion  of  this  sort 
would  be  consistent  with  the  finding  that  the  T3  to  T4  ra¬ 
tio  declined  when  concentrations  of  NEFAs  became 
higher  and  hyperemesis  became  more  severe. 


Stimuli  for  increased  thyroid  levels 

The  reason  for  increased  levels  of  thyroid  hormones  in 
hyperemesis  gravidarum  and  to  a  lesser  extent  in  morn¬ 
ing  sickness  is  largely  unknown.  It  may  be  related  to  the 
dietary  factors,  especially  the  carbohydrate  deficit,  that 
has  been  shown  to  influence  serum  T3  and  rT3  [1,  15]. 
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Increase  of  serum  NEFAs 

During  times  of  fasting,  glucose  is  released  from  glycogen, 
but  glycogen  stores  are  not  large  and  cannot  provide  an  ad¬ 
equate  amount  of  glucose  to  meet  requirements  for  both 
maternal  energy  and  fetal  growth.  Cleavage  of  triacylglyc- 
erols  stored  in  adipose  tissue  provides  the  mother  with  en¬ 
ergy  in  the  form  of  NEFAs  especially  when  oral  intake  is 
limited.  Lipolysis  and  the  attendant  increase  of  NEFAs  also 
occur  prominently  when  carbohydrate  energy  scores  are  in¬ 
sufficient  for  other  reasons.  This  stimulation  of  lipolysis 
may  be  attributed  in  part  to  thyroxine  [7],  which  increased 
about  66%  above  control  in  hyperemetic  patients  in  the 
present  study,  and  which  appears  to  act  in  part  by  modulat¬ 
ing  and  increasing  the  sensitivity  of  adrenergic  responses 
[11].  The  5'-monodeiodination  of  thyroxine  to  rT3  and  the 
latter’s  attendant  90%  rise  (Table  1)  may  account  for  the 
correlation  between  rT3  and  NEFAs  shown  in  Fig.  3. 

In  summary,  serum  levels  of  the  active  thyroid  hor¬ 
mones  increase  66-70%  in  patients  with  hyperemesis 
gravidarum  and  to  a  lesser  extent  in  those  with  morning 
sickness.  The  physiologically  inert  rT3  also  increases  and 
to  a  greater  extent,  about  90%,  especially  in  hypereme¬ 
sis,  possibly  due  to  a  redirection  of  the  deiodination 
pathway  leading  from  T4  to  this  inert  by-product.  Fatty 
acid  levels  also  increase  markedly  in  patients  with  hy¬ 
peremesis  consistent  with  accelerated  lipolysis.  Fatty  ac¬ 
ids  are  likely  to  become  an  increasingly  important  ener¬ 
gy  source  as  the  severity  of  hyperemesis  increases. 

This  study  was  supported  in  part  by  an  award  to  Dr.  Power  from 
the  National  Medical  Technology  Testbed. 
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Although  cerebral  blood  flow  research  extends  over  the  past  40  years  little  is  known  about  regulation  of  cerebral 
blood  flow  during  fetal  life.  A  number  of  factors  have  contributed  to  this  problem,  many  related  to  technical  limitations.  The 
standard  method  used  to  measure  cerebral  flow  in  the  chronically  instrumented  mammalian  fetus  has  been  radioactive 
microspheres.  Although  this  method  provides  an  accurate  description  of  flow  at  one  moment  in  time,  it  is  limited  by  the 
number  of  measurements  available  per  experiment.  Laser  Doppler  flowmetry  has  been  established  as  an  effective  method  for 
measuring  blood  perfusion  in  microvascular  beds  of  various  organs  in  adults.  However  it  has  not  been  used  for  the  fetus  due 
to  the  sensitivity  of  the  flow  probe  to  movement.  We  have  addressed  this  concern  and  present  here  our  adaptation  of  this 
method  to  measure  cerebral  blood  flow  in  a  representative  animal  model.  Cerebral  blood  flow  is  of  fundamental  importance 
because  oxygen  stores  of  the  body  are  minimal  yet  cerebral  metabolic  rate  is  high,  and  thus  prompt  adjustments  of  flow  are 
necessary  to  match  oxygen  supply  with  oxygen  need.  Inadequate  blood  flow  and  oxygen  delivery  in  the  perinatal  period  cause 
tragic  lifelong  consequences  including  cerebral  palsy  and  mental  retardation. 

Our  first  specific  aim  is  to  adapt  laser  Doppler  flowmetry  to  measure  the  cerebral  blood  flow  using  the  chronically 
prepared,  near-term  fetal  sheep.  Under  halothane  anesthesia  a  laser  Doppler  flow  probe  will  be  placed  in  the  parietal  cortex  of 
the  brain.  The  probe  will  be  encased  in  a  custom-molded,  bivalve  plastic  probe-holder,  shaped  to  the  fetal  skull,  which  will 
be  secured  to  the  skull  with  tissue  glue.  The  probe-holder  is  designed  to  stabilize  the  probe.  In  preliminary  experiments  we 
find  it  reduces  movement  artifact  from  40%  to  5%  of  total  flow  signals.  Various  experiments  will  be  done  to  further  validate 
the  methodology.  These  will  include  testing  the  usefulness  of  adding  a  reference  probe  that  is  sensitive  only  to  movement 
artifact  and  noting  changes  after  fetal  and  maternal  death. 

Our  seornd  specific  aim  is  to  examine  the  role  of  a  possible  mediator  of  the  cerebral  circulation.  Nitric  oxide  is  a 
powerful  vasodilator  in  many  vascular  beds  in  the  adult  and  it  may  be  hypothesized  to  help  maintain  oxygen  delivery  to  the 
fetal  brain  during  times  of  stress.  Fetal  hypoxia  will  be  induced  by  giving  the  ewe  10-11  %  oxygen  to  breathe.  Cerebral  flow 
responses  will  be  compared  with  and  without  inhibition  of  the  effects  of  nitric  oxide  using  the  drug  L-NAME.  Preliminary 
experiments  to  date  indicate  that  nitric  oxide  does  indeed  increase  brain  blood  flow  during  hypoxia  and  thus  protects  the  brain. 
Finally,  our  third  specific  aim  is  to  begin  to  test  the  roles  of  carbon  dioxide,  oxygen  lack,  adenosine  and  selected 
prostaglandins  in  modulating  fetal  cerebral  blood  flow. 

In  summary,  the  proposed  work  will  test  whether  laser  Doppler  flowmetry  can  provide  continuous,  real-time 
measurements  of  blood  flow  in  the  fetal  brain  for  the  first  time.  The  results  may  help  guide  therapy  to  optimize  brain 
development  and  function. 
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A.  INTRODUCTION 

Cerebral  blood  flow  is  of  fundamental  importance  for  normal  development  of  the  brain 
during  fetal  life.  Oxygen  stores  of  the  body  are  minimal  yet  cerebral  metabolic  rate  is  high,  and 
thus  prompt  adjustments  of  flow  are  necessary  to  match  oxygen  supply  with  oxygen  need. 
Inadequate  blood  flow  and  oxygen  delivery  in  the  perinatal  period  cause  tragic  lifelong 
consequences  including  cerebral  palsy  and  mental  retardation.  Until  the  present  time  there  has 
not  been  any  method  to  measure  cerebral  blood  flow  in  utero  on  a  continuous  basis.  During  the 
past  six  months  with  Testbed  support  we  have  successfully  adapted  laser  Doppler  flowmetry  to 
measure  cerebral  blood  flow  in  the  chronically  prepared,  near-term  fetal  sheep.  The  new 
method  is  able  to  reduce  movement  artifacts  to  less  than  5%  of  total  flow  signals.  Using  the 
method  we  have  shown  that  nitric  oxide  mediates  about  60%  of  the  increase  in  flow  that  occurs 
in  response  to  hypoxic  stress.  We  have  also  obtained  early  evidence  that  the  brain  enters  a  state 
of  regulated  hypometabolism  upon  hypoxic  stress,  presumably  by  curtailing  nonessential 
metabolic  activities,  and  thereby  rations  oxygen  use.  Our  broad  goal  remains  to  establish  the 
control  factors  for  oxygen  delivery  and  use  by  the  fetal  brain  and  thereby  to  optimize  brain 
development  and  minimize  hypoxic  injury. 

B.  OUTLINE 

1.  Specific  Aims 

a)  Specific  aim  # 1  was  to  demonstrate  that  laser  Doppler  flowmetry  can  be 
used  to  provide  a  continuous  signal  of  perfusion  in  a  localized  region  of  the  fetal  brain.  The 
new  methodology  has  enabled  recording  of  the  changes  in  cerebral  hemodynamics  in  the 
unanesthetized  fetus  on  a  moment-to-moment  basis  in  response  to  an  hypoxic  stress.  This  was 
the  first  time  this  has  been  achieved.  This  Specific  Aim  was  completed. 

b)  Specific  Aim  #2  was  to  demonstrate  that  nitric  oxide,  a  fundamental 
controller  of  vascular  reactivity  and  metabolic  processes,  mediates  much  of  the  increase  in  brain 
blood  flow  that  occurs  in  response  to  hypoxia  in  the  fetal  sheep.  This  also  was  accomplished 
successfully  for  the  first  time. 

2.  There  were  no  uncompleted  specific  aims 


C.  BODY 

The  following  is  taken  largely  from  the  reapplication  made  to  the  Testbed  for  a  second 
year  of  funding. 

As  indicated  above  in  the  outline  much  progress  was  made  toward  completing  the  aims 
of  the  proposed  work  during  the  first  six  months.  We  completed  both  specific  aims  of  the 
project.  We  have  submitted  two  papers  describing  this  work,  one  outlining  the  new 
methodology  to  the  Journal  of  Applied  Physiology  and  the  second  describing  the  role  of  nitric 
oxide  to  the  American  Journal  of  Physiology .  The  first  was  completed  before  Testbed  support 
could  begin,  but  the  second  receives  full  Testbed  recognition,  was  preapproved,  and  includes 
appropriate  disclaimer  language. 

The  most  important  scientific  lead  to  emerge  during  the  first  6  months  of  this  project  is 
that  the  fetal  brain  may  enter  a  period  of  regulated  hypometabolism  soon  after  exposure  to 
hypoxia.  The  slowing  of  metabolic  rate  allows  time  for  other  compensations,  such  as  further 
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increases  of  brain  blood  flow,  to  take  place.  The  mediators  initiating  regulated  hypometabolism 
are  unknown  and  of  great  interest  to  us.  We  now  propose  studies  to  investigate  possible 
candidates.  From  the  methodological  point  of  view  the  most  significance  advance  has  been  the 
development  of  a  new  method  to  measure  02  use  in  a  localized  region  of  the  brain  based  on 
heat  production.  Our  proposed  studies  will  enable  us  to  establish  this  method  for  the  first  time. 
The  new  method  depends  on  accurate  measurements  of  temperature  of  blood  entering  the  brain 
and  of  brain  tissue  itself,  and  from  the  difference,  together  with  measurement  of  local  flow, 
calculating  the  calories  of  heat  produced  and  hence  of  the  ml  of  02  consumed. 

In  summary,  for  the  next  six  months  we  propose  to  further  develop  a  new  method  to 
measure  02  consumption  in  a  localized  region  of  the  brain  and  test  its  usefulness.  We  propose 
to  examine  the  role  of  adenosine  in  mediating  changes  in  cerebral  blood  flow  and  in  the 
induction  of  regulated  hypometabolism.  We  will  continue  negotiations  with  Biopac  (Biopac, 
Inc.,  Santa  Barbara  CA)  to  develop  a  marketable,  patentable  hardware  kit  in  which  the  laser 
Doppler  probe  and  two  thermocouples  are  packaged  together  and  sold  as  a  commercial  product. 
With  appropriate  software  the  unit  will  provide  a  continuous  write-out  of  brain  metabolic  rate 
for  the  first  time. 

Our  broad  goals  remain  the  same.  They  are  to  provide  new  techniques  to  evaluate  brain 
function  and  to  minimize  brain  injury  in  the  mammalian  fetus. 

Progress  towards  Specific  Aim  #1. 

Fabrication  of  the  Probe  Holder.  A  key  step  to  the  successful  application  of  laser  Doppler 
flowmetry  in  the  fetus  was  the  reduction  of  movement  artifact.  We  accomplished  this  by  fabricating  a 
probe  holder  which  was  custom  molded  to  fit  the  contours  of  the  fetal  skull.  By  securing  the  holder  to 
the  fetal  skull  the  tip  of  the  probe  is  held  stationary  in  regards  to  its  position  in  the  brain. 

Laser  Doppler  Flowmetry.  In  our  experiments  we  apply  laser  Doppler  methodology  by  directing 
a  continuous  laser  beam  into  brain  tissue  via  an  optical  fiber,  which  then  receives  and  carries  the 

llght  t0  3  Phot°-detector-  Measurement  of  cerebral  perfusion  was  performed  with  a  Biopac 
100A  laser  Doppler  flowmeter  (Biopac  Systems,  Inc.  Santa  Barbara,  CA).  The  perfusion  signal  provides 
an  index  of  relative  blood  perfusion  at  the  tip  of  the  probe  that  is  calculated  by  an  algorithm  that  analyzes 
t“®P°PP‘er  of  backscattered  light.  The  magnitude  and  frequency  distribution  of  the  Doppler- 
shifted  light  are  proportional  to  the  number  and  velocity  of  blood  cells  moving  within  the  illuminated 
volume  of  tissue.  An  analog-to-digital  converter  system,  MP100,  Biopac  Systems,  was  used  for  data 
acquisition.  The  laser  Doppler  flow  probes  used  in  the  study  were  calibrated  with  a  motility  standard  an 
aseptically  prepared,  colloidal  solution  of  suspended  latex  spheres  undergoing  Brownian  motion  as 
supplied  by  the  manufacturer. 

Experimental  procedures.  A  series 
of  animal  experiments  were  carried  out  to 
test  the  usefulness  of  laser  Doppler 
technology  in  fetal  life.  Western  ewes 
carrying  singleton  fetuses  at  125-130  days 
of  gestation  were  used  for  these  feasibility 
studies.  Hypoxia  was  used  as  a  means  to 
change  cerebral  blood  flow  during 
development  of  the  method.  The  details  of 
the  surgical  preparation  are  given  below. 


Experiments  were  carried  out  three 
to  ten  days  after  surgery  with  the  fetus 
unanesthetized.  Five  fetuses  were  studied 
in  these  preliminary  experiments. 
Experiments  began  with  a  30-min  baseline 
control  period.  A  30-min  episode  of 
hypoxia  was  then  induced  by  allowing  the 
ewe  to  breathe  10-1 1  %  02  in  a  balance  of 
nitrogen.  This  was  followed  by  a  30-min 
recovery  period. 
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After  comPletion  of  the  experiment,  the  fetus  was  humanely  killed  with  an  overdose  of  T-61 
(Hoechst-Roussel  Co.),  a  proprietary  euthanasia  solution.  Flow  signals  were  monitored  for  an  hour  after 
fetal  death  to  assess  the  importance  of  fetal  movement  artifact  in  perfusion  readings.  The  ewe  was  then 
killed  with  the  same  agent,  and  any  remaining  flow  signal  was  monitored  for  an  additional  hour  to  assess 
maternal -movement-induced  artifacts. 

Data  handling.  Laser  Doppler  flowmetry  signals,  backscatter,  fetal  blood  pressure  heart  rate 
and  temperature  were  recorded  using  the  data  acquisition  software  Acqknowledge.  The  data  were 
collected  continuously  and  averages  were  calculated  during  three-minute  time  spans.  Before  averaging, 
spikes  in  apparent  flow  signal,  often  associated  with  changes  in  maternal  or  fetal  position,  were  removed 
The  criteria  for  rejection  were  abrupt  increases  of  more  than  100  percent  above  baseline  lasting  less  than 
2  seconds,  and  thus  outside  the  physiologic  range.  Mean  values  of  arterial  blood  pressure  and  heart  rate 
during  the  three  minute  intervals  were  calculated  using  the  wave-form  analysis  functions  of  the 
Acqknowledge  software  program.  Percentage  changes  in  O2  delivery  were  calculated  as  the  product  of 
relative  perfusion  and  the  02  content  of  arterial  blood.  Further  details  of  the  procedures  are  given  in  the 
appended  papers. 

Results.  Residual  signals 

persisting  after  fetal  and  then  maternal 
death  were  used  to  assess  movement 
artifacts.  Early  in  development  of  the 
methodology  these  residual  signals 
accounted  for  as  much  as  40%  of  the 
apparent  total  flow  signals  indicating  a 
large  baseline  zero  that  would  have  had  to 
be  subtracted  to  estimate  the  true  flow 
signal.  However,  as  time  progressed 
during  the  year  with  better  probe  design 
and  better  fixation  technique,  movement 
artifacts  and  baseline  zero  decreased  until, 
at  the  present  time,  baseline  zero  averages 
less  than  5%,  and  usually  less  than  3%,  of 
the  total  recorded  signal.  This  marked 
improvement  has  greatly  simplified  data 
handling.  Abrupt  spikes,  often  associated 
with  changes  in  maternal  posture,  still  must 
be  edited  from  the  flow  record  before 
analysis. 

Cerebral  flow  responses  were  measured  during  hypoxia  induced  by  giving  the  ewe  10%  O?  in 
nurogcn  to  breathe  for  30  min.  This  exposure  led  to  decreases  in  fetal  preductal  arterial  02  tension  from 
21  2  ±  0.5  to  10.7  ±  0.4  Torr.  During  the  hypoxic  exposure  cerebral  perfusion  increased  progressively 
and  came  to  average  56  ±8%  above  baseline,  as  shown  in  the  figure  above.  The  relatively  slow  rise  in 
flow  was  an  unanticipated  finding,  and  its  implications  will  be  discussed  more  fully  below.  When 
normal  oxygenation  was  restored,  perfusion  returned  to  baseline  levels  during  a  30-min  recovery  period 
This  recovery  was  also  relatively  slow. 

In  conclusion,  the  work  under  this  specific  aim  has  shown  that  laser  Doppler 
methodology  can  be  successfully  used  to  measure  brain  perfusion  in  the  unanesthetized, 
chronically  prepared  fetal  sheep.  With  custom-fabricated  probe  holders  and  other  advances  in 
technique,  movement  artifacts  can  be  reduced  to  less  than  5%  of  measured  flow  values.  The 
method  provides  only  relative  changes  of  perfusion  from  a  small  volume  of  the  fetal  brain, 
roughly  2  mm3.  It  does  this  on  a  continuous  basis,  however,  which  is  an  important  advantage 
for  future  studies  inquiring  into  mechanisms.  This  work  is  in  press  for  the  Journal  of  Applied 
Physiology  with  a  publication  date  scheduled  for  mid-summer. 

Progress  towards  Specific  Aim  tt2. 

The  second  specific  aim  of  the  first  year  was  to  measure  fetal  cerebral  blood  flow 
during  hypoxia  with  and  without  inhibition  of  nitric  oxide.  The  objective  was  to  determine  the 
protective  effect  of  NO  on  fetal  delivery  and  use.  Nitric  oxide  is  a  powerful  vasodilator  in 
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i^°nnrtrganS  °f  the  adult  and  a  suPPressor  of  metabolic  rate  (12,33,37),  and  thus  of  possible 
mportance  in  maintaining  a  balance  between  O*  need  and  Cfe  supply  in  the  brain.  ? 


One  served  ^  7 gY  ^  Spedfic  Aim  #1  two  «rouPs  of  were  studied 

ne  served  as  a  control  group  and  the  second  received  a  nitric  oxide  synthase  inhibitor  (L-NAME)  Thk 

dmg  was  given  at  the  beginning  of  the  second  hypoxic  episode  that  w£  identicTin  im  seqtte  toTht 

Sg«„T.8'Ve"  “  n"aVe"°US  b0'“S  °f  45  mg'k8  'V  “  bg  *  inSn  aT 


Results.  Maternal 

hypoxia  led  to  a  decline  of  fetal 
arterial  P02  from  21.1  ±  0.5  to 
10.7  ±  0.4  Torr  with  little  change 
in  arterial  pH  or  PC02.  There  was 
no  significant  difference  in  blood 
gas  data  between  those  fetuses 
receiving  L-NAME  and  those  not. 

The  changes  in  mean 
arterial  blood  pressure  for  the  two 
groups  are  shown  in  the  figure  to 
the  right.  Blood  pressure 
increased  similarly  in  both  groups 
during  the  first  hypoxic  period. 
During  the  second  period  of 
hypoxia,  however,  blood  pressure 
of  the  unmedicated  fetuses 
increased  as  it  had  during  the  first 
hypoxic  episode,  whereas  in  the 
group  given  L-NAME  the  response 
was  greater  after  infusion  of  L- 
NAME. 


Coniml  Hypoxia  Recovery  Hypox.a  Recovery 


The  changes  in  cerebral 
blood  flow  are  shown  in  the  figure 
to  the  left.  Without  L-NAME 
hypoxia  led  to  an  increase  of  about 
55%  in  cerebral  perfusion  after  30 
min  ( n=5 ).  In  the  group  of 
animals  treated  with  L-NAME 
during  the  second  hypoxic  period, 
the  increases  of  cerebral  blood 
flow  during  hypoxia  were 
diminished,  rising  only  -20% 
above  control  levels. 

Changes  in  02  delivery  to 
the  brain  were  calculated  as  the 
product  of  blood  flow  and  arterial 
02  content,  and  the  results  are 
shown  in  the  figure  at  the  top  of 
the  next  page.  Average  changes  in 
arterial  02  content,  cerebral  blood 
flow ,  and  cere-bral  02  delivery  are 
shown.  Arterial  02  content 
decreased  rapidly  after  initiation  of 
hypoxia,  from  8.0  ±  0.24  to  4.8 
±  0.92  ml/dL. 
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However,  the  increase  of  cerebral  blood  flow  was 
comparatively  slow,  reaching  a  maximum  15-20  min  after 
hypoxia  was  induced. 

These  results  show  that  nitric  oxide  is  necessary  for 
a  major  portion  of  the  compensatory  increase  in  cerebral 
blood  flow  that  occurs  in  the  fetus  during  hypoxia.  The 
severe  blunting  of  the  flow  response  after  L-NAME  strongly 
supports  this  conclusion.  The  results  show  that  02  delivery 
to  the  fetal  brain  falls  rapidly  and  does  not  recovery 
completely  until  25-30  min  after  the  beginning  of  moderately 
severe  hypoxia.  They  also  show  that  02  delivery  is 
increased  above  baseline  during  recovery.  This  appears  to  be 
the  first  time  these  observations  have  been  made. 

Despite  continued  infusion  of  L-NAME  throughout 
the  hypoxic  interval,  cerebral  flow  eventually  rose  to  -20% 
above  baseline.  This  relatively  small,  delayed  increase  may 
indicate  that  blockade  of  nitric  oxide  synthase  was  inadequate 
to  prevent  nitric  oxide  synthesis  during  hypoxia.  However, 
the  sustained  increase  of  fetal  blood  pressure  shown  earlier 
suggests  that  the  blockade  remained  effective  throughout  the 
hypoxic  exposure.  We  speculate,  therefore,  that  other 
vasoactive  mediators  such  as  adenosine  may  be  responsible 
for  the  remaining  increase  in  cerebral  blood  flow.  One  of  the 
specific  aims  for  the  next  six  months'  work  will  be  to 
investigate  whether  adenosine  plays  such  a  role,  and  if  so 
whether  it  acts  independently  of  NO,  and  whether  it  acts 
continuously  or  only  when  the  nitric  oxide  system  is  reduced 
or  absent. 


D.  CONCLUSIONS. 


These  studies  have  provided  continuous  measurements  of  cerebral  perfusion  from  a 
small  region  of  the  fetal  brain  for  the  first  time.  The  control  of  the  cerebral  circulation  is  of 
great  importance  in  preventing  hemorrage  into  the  brain  which  is  a  devastating  complication  in 
the  perinatal  period.  The  present  results  and  future  results  will  provide  a  rational  basis  for 
administering  drugs,  in  particular  nitric  oxide  and  adenosine  agonists  and  antagonists,  that 
would  reduce  the  tendency  to  hemorrage,  form  edema  and  other  pathophysiological  processes 


There  are  two  deliverable  products.  The  first  is  purely  basic  science.  It  is  the 
knowledge  of  what  drugs  to  administered  to  alter  cerebral  blood  flow  favorably.  The  second  is 
a  hardware  item  that  may  be  patentable.  It  is  a  dual  probe  containing  both  a  laser  Doppler 
window  and  a  temperature  sensor.  It  will  be  developed  in  collaboration  with  BioPac  and 
marketed  by  them.  Further  details  are  provided  in  the  special  information  section  below. 
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SPECIAL  INFORMATION 


Patents- 

Patent  protection  for  the  custom-made,  probe-holding  device  is  possible.  However,  the 
use  of  the  fixation  device  in  the  human  fetus  in  utero  is  problematic  because  of  the  risk  of 
abortion,  intracrancial  bleeding  and  infection.  Whether  the  device  might  be  patented  for  use  in 
the  perinatal  period  immediately  after  birth  remains  for  future  work. 

Publications— 

A  paper  describing  NMTB-supported  work  is  currently  in  review  and  was  approved 
before  submission.  A  copy  is  included  here  as  an  appendix. 

Publications  pending  approval—  None 
Commercialization — 

Laser  Doppler  probes  and  flowmeters  are  currently  manufactured  by  several  companies. 
These  include  Perimed  Inc,  North  Royalton,  OH  and  BioPak  Systems  Inc.,  Santa  Barbara,  CA 
as  leaders. 

Laser  Doppler  is  increasingly  used  to  measure  brain  perfusion  in  the  neurosurgical 
intensive  care  unit.  It  is  used  to  judge  the  need  for  surgery  and  to  guide  therapy,  especially 
with  regards  to  the  need  to  lower  intracranial  pressure.  In  the  future  laser  Doppler  may  prove 
useful  in  the  neonatal  intensive  care  unit.  Improvements  in  technology  to  reduce  movement 
artifacts  as  described  in  this  application  will  speed  this  application. 

There  is  no  currently  available  means  to  measure  oxygen  consumption  of  the  brain 
continuously  on-line.  Such  measurements  are  directly  relevant  monitoring  cerebral  welfare  and 
the  need  for  treatment  and  surgery.  The  proposed  technology  using  thermocouples  in 
conjunction  with  laser  Doppler  flow  recording  is  new  and  novel,  and  is  likely  to  find 
application  first  in  neurosurgical  intensive  care  units. 

Commercial  planning  is  currently  underway  with  Biopac  Systems,  Inc.  to  develop  and 
test  the  proposed  unit.  We  believe  the  critical  element  will  be  to  record  perfusion  and 
temperature  in  the  same  localized  region  of  the  brain.  We  propose  to  do  this  with  a  composite 
probe  with  both  sensors  fabricated  together.  The  two  sensing  elements  must  be  placed 
sufficiently  far  apart  (perhaps  3  mm  as  an  initial  estimate)  to  avoid  cross-talk  and  sufficiently 
close  together  to  sample  information  from  a  physiologically  discrete  region  of  the  brain. 
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No.  28 

Loma  Linda  University/Salo 


DESCRIPTION:  State  the  goal  of  the  project,  including  how  it  relates  to  improving  health  care  and 
noting  the  advanced  technology  that  will  be  developed  or  tested.  Use  succinct  language  to  describe  how 
the  project  goals  will  be  achieved.  Do  not  exceed  the  space  provided. 


In  America  today,  half  of  all  men  and  one  third  of  all  women  will  develop  cancer  during  their  lifetime.  Surgery  is 
used  to  treat  60%  of  cancer  patients,  but  only  a  minority  are  cured  by  surgery  alone.  Radiation  and  chemotherapy 
improve  outcomes  but  the  persistent  morality  from  this  disease  suggests  a  need  for  continued  innovation.  Cancer 
immunotherapy  uses  the  body’s  defenses  to  recognize  and  destroy  tumor  cells  and  is  a  promising  adjunct  therapy. 

Human  CD8+  ‘killer’  T  cells  have  been  shown  to  recognize  and  kill  tumor  cells  from  melanoma,  breast,  colon, 
and  prostate  cancer,  leading  to  the  search  for  methods  to  immunize  patients  against  their  own  tumors.  Dendritic  cells 
(DC)  are  promising  vehicles  for  immunization  as  they  can  potently  activate  T  cells  both  in  vitro  and  in  vivo . 

Current  strategies  and  clinical  trials  for  DC  immunotherapy  have  focused  solely  on  the  delivery  of  antigens  to 
DC,  but  not  strategies  for  their  activation.  The  proposed  work  will  develop  chimeric  proteins  that  carry  immunizing 
antigens,  but  also  serve  to  activate  dendritic  cells  to  increase  their  immunostimulatoiy  properties  and  their  lifespan. 

Freshly  isolated  or  ‘immature’  DC  stimulate  T  cells  poorly,  and  can  in  some  cases  inactivate  them.  The  ligation  of 
CD40  on  DC  is  the  most  potent  stimuli  for  their  maturation,  causing  an  increase  in  theirimmunostimulatory  function 
and  lifespan.  Adaptor  proteins  of  the  TRAF  (TNF  Receptor  Adaptor  Factors)  family  mediate  CD40  signaling,  and 
their  over-expression  mimics  CD40  function.  A  truncated  version  of  TRAF2,  lacking  its  C-terminal  TRAF  regulatory 
domain,  has  been  shown  to  be  const itutively  active  and  will  be  the  basis  of  strategies  to  activate  dendritic  cells. 

Adenoviral  vectors  will  be  constructed  expressing  a  chimeric  protein  composed  of  a  constitutively  active  TRAF2 
protein  fused  to  a  gene  segment  coding  for  the  immunizing  antigen.  Murine  DC  will  then  be  treated  with  the  viral 
vectors,  and  their  ability  to  stimulate  CD8+  T  cells  in  vitro  and  in  vivo  measured.  An  murine  tumor  model  using 
defined  model  tumor  antigens  will  then  be  used  to  assess  the  efficacy  of  these  DC  in  tumor  protection  and  eradication 

Clinical  trials  are  currently  underway  using  DC  in  the  therapy  of  melanoma  and  breast,  colon,  and  prostate 
cancers,  diseases  that  account  for  450,000  new  cases  annually.  Of  these  cancers,  the  most  promising  application  for 
dendritic  cell  vaccines  is  the  adjuvant  therapy  of  high-risk  melanoma,  for  which  the  only  FDA  approved  therapy  is 
interferon-a,  for  which  the  annual  market  is  estimated  at  $151  million  (wholesale  US  sales)  and  is  expected  to 
increase  as  the  incidence  of  melanoma  in  this  country  continues  to  rise 
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DESCRIPTION  AND  PERFORMANCE  SITES  (FORM  B) 


DESCRIPTION:  State  the  goal  of  the  research  project  including  how  it  relates  to  improving  health 

care  for  the  nation’s  people.  Use  succinct  language  to  describe  how  the  project  goals  will  be 
achieved.  Do  not  exceed  the  space  provided  on  this  page. 

The  current  prostate  cancer  screening  methods,  prostatic  specific  antigen  (PSA)  and  digital 
rectal  examination  (DRE),  have  limitations  in  the  detection  of  early  curable  prostate  cancer.  The 
positive  predictive  value  of  these  two  screening  methods  is  in  the  range  of  25-35%.  A  more 
informative  non-invasive  screening  method  is  continually  being  sought.  The  recent  discovery  of 
presence  of  telomerase  activity  in  prostate  cancer  tissue  suggests  that  the  telomeric  repeat 
amplification  protocol,  TRAP,  assay  may  be  of  clinical  value  in  the  screening  and  detection  of  prostate 
cancer.  We  established  a  collaboration  between  the  departments  of  Biochemistry,  Urologic  Surgery, 
and  Pathology  of  Loma  Linda  University  and  obtained  specimens  from  patients  receiving  care  at  four 
local  institutions,  including  the  university  hospital,  a  veterans  administration  hospital,  and  two  county 
hospitals  serving  the  indigent  population.  We  explored  the  novel  use  of  the  TRAP  assay  as  a  prostate 
cancer  screening  procedure  using  non-invasively  obtained  prostatic  fluid  rather  than  tissue.  Our 
preliminary  data  indicate  that  the  TRAP  assay  detects  telomerase  activity  in  prostatic  fluid  (PF)  of 
patients  with  prostate  cancer,  but  does  not  detect  any  telomerase  activity  in  normal  patients.  The 
positive  preditive  value  of  PF  TRAP  assay  appears  to  be  in  the  range  of  80-90%  suggesting  that  this 
assay  fulfills  the  need  for  a  more  informative  non-invasive  prostate  cancer  screening  procedure.  A 
larger  sample  size  now  needs  to  be  investigated  in  order  to  optimize  the  sensitivity  and  specificity  of 
this  assay.  Our  ultimate  goal  is  to  develop  a  clinically  relevant  telomerase  assay  on  prostatic  fluid 
which  can  be  used  as  a  screening  tool  either  alone  or  in  conjunction  with  other  screening  methods  to 
improve  the  detection  of  prostate  cancer  in  its  early  curable  stages. 
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During  the  project  over  100  prostatic  fluid  samples  were  examined.  Approximately  2/3 
of  the  samples  were  collected  in  attempts  to  determine  the  best  conditions  for  the  assay.  The 
remaining  1/3  are  described  below  in  a  format  that  is  similar  to  a  submitted  article  and  in  a 
format  that  is  close  to  that  requested  by  NMTB.  The  second  part  describes  our  efforts  to 
determine  the  utility  of  the  ELISA  for  examining  prostatic  fluid  and  tissue. 

The  analysis  of  prostatic  fluid  using  the  TRAP  assay  to  detect  prostate  cancer 
INTRODUCTION 

Prostate  cancer  is  the  most  common  noncutaneous  malignancy  in  men  and  is  second  only 
to  lung  cancer  in  causing  cancer-related  deaths  of  males  in  the  United  States  (1).  It  is  believed 
by  most  urologists  that  the  early  detection  of  prostate  cancer  increases  the  probability  of 
successful  treatment  (1).  Diagnostic  techniques,  including  the  serum  prostate  specific  antigen 
(PSA)  test  and  transrectal  ultrasound,  have  a  low  incidence  of  complications  and  have  increased 
the  sensitivity  of  cancer  detection  over  digital  rectal  examination,  thus  benefiting  many  patients 
(2).  Telomerase  activity  has  been  detected  in  tissue  specimens  from  prostate  cancer  patients  (3- 
8),  raising  the  possibility  that  telomerase  activity  in  tissue  may  be  an  independent  marker  for 
prostate  cancer.  However,  an  even  more  significant  clinical  use  of  detecting  telomerase  activity 
would  be  in  the  detection  of  prostate  cancer  through  the  analysis  of  readily  accessible  body  fluids 
such  as  urine,  semen,  or  prostatic  secretions.  Collection  of  such  fluid  specimens  has  the 
advantage  of  avoiding  surgical  invasion  of  the  prostate  gland.  In  this  research,  we  have  used  the 
TRAP  assay  to  measure  telomerase  activity  in  freshly  collected  prostatic  fluid  specimens  with 
the  goal  of  developing  the  TRAP  assay  into  a  reliable  diagnostic  tool  for  prostate  cancer 
detection. 

MATERIALS  AND  METHODS 

Cell  Culture  and  CHAPS  Protein  Extraction 

A  human  prostate  cancer  cell  line  derived  from  a  bone  metastasis,  PC-3,  with  a  doubling 
time  of  2.7  days  in  tissue  culture  (9)  and  obtained  from  the  ATCC  (Rockville,  MD),  was  grown 
in  RPMI 1640  medium  supplemented  with  10%  new-bom  calf  serum.  The  cells  were  harvested 
when  90%  confluent  using  trypsin.  After  the  cells  were  collected  by  centrifugation,  the  cell 
pellet  was  washed  twice  with  cold  phosphate-buffered  saline,  re-suspended  in  ice-cold  Buffer  A 
[10  mM  HEPES-KOH  (pH  7.5),  1.5  mM  MgCl2>  10  mM  KC1, 1  mM  dithiothreitol]  and 
recentrifuged.  The  pellet  was  lysed  in  Buffer  B  (Lysis  Buffer)  [0.5%  3-(3-cholamidopropyl- 
dimethylammonio)-l-propanesulfonate  (CHAPS),  5  mM  P-mercaptoethanol,  0.1  mM 
phenylinethanesulfonyl  fluoride  (PMSF),  10%  glycerol,  10  mM  Tris-HCl  (pH  7.5),  1  mM 
MgCh]  for  30  min  on  ice.  Then,  the  lysate  was  centrifuged  at  16,000  x  g  for  20  min  at  4  °C. 
Aliquots  of  the  supernatant  fluid  were  immediately  stored  at  -80  °C.  The  protein 
concentration  was  determined  by  ultraviolet  spectrophotometry  (10). 

Collection  of  Prostatic  Fluid 

Prostatic  fluid  specimens  were  collected  from  30  prostrate  cancer  (PCa)  patients  and  from 


2 


9  patients  clinically  confirmed  as  cancer-free,  including  6  benign  prostatic  hyperplasia  (BPH) 
patients.  In  brief,  siliconized  microcentrifuge  tubes  were  prepared  in  advance  to  contain  1.18  ml 
of  a  master  mix  of  protease  inhibitors  (see  below).  A  few  minutes  prior  to  specimen  collection, 
20  pi  of  an  ethanol  solution  of  PMSF  was  added  to  each  microcentrifuge  tube.  Prostatic  fluid 
was  collected  from  each  patient  by  palpating  the  prostate  and  milking  the  fluid  through  the 
urethra.  Approximately  300  pi  of  the  extruded  fluid  was  transferred  immediately  into  the 
microtube,  mixing  the  specimen  with  protease  inhibitors  by  inversion  three  times.  The  final 
concentrations  of  the  added  protease  inhibitors  were  10  mM  disodium  EDTA,  5  mM 
benzamidine-HCl,  20  mM  sodium  caproate,  and  0.2  mM  PMSF.  The  microtube  was  then 
centrifuged  5  min  in  an  Eppendorf  table-top  centrifuge  at  4  °C.  The  supernatant  fluid  was 
divided  into  aliquots,  which  together  with  the  pellet  were  placed  on  dry  ice  and  transferred  to  the 
laboratory.  The  aliquots  of  the  supernatant  fluid  were  stored  at  -80°C,  while  the  pellet  was 
further  treated  by  the  CHAPS  protein  extraction  method  as  described  above.  This  extract  was 
also  divided  into  aliquots  for  freezing  and  storage  at  -80  °C.  The  protein  concentrations  of  the 
CHAPS  extracts  were  determined  by  ultraviolet  spectrophotometry  (10). 

TRAP  Assay 

Each  specimen  was  assayed  for  telomerase  activity  using  supernatant  fluid  samples  (1  pi) 
and  aliquots  of  the  CHAPS  protein  extract  of  the  pellet  that  contained  6  pg  protein.  An  aliquot 
of  CHAPS  protein  extract  of  PC-3  cells,  containing  6  pg  of  protein  corresponding  to 
approximately  3,000  PC-3  cells,  was  assayed  along  with  specimen  samples  as  a  positive  control. 
An  identical  aliquot  inactivated  by  heat  (85  °C  for  15  min)  or  by  exposure  to  RNase  A  (0.2  pg/pl 
at  37  °C  for  30  min)  was  assayed  as  a  negative  control.  CHAPS  lysis  buffer  was  also  used  as  a 
negative  control.  Aliquots  of  PC-3  cell  extracts  corresponding  to  1,000, 100, 10,  and  1  cells 
were  assayed  to  standardize  the  telomerase  activity  and  estimate  how  much  telomerase  was 
present  in  each  specimen. 

The  TRAP  assay  for  telomerase  activity  was  performed  as  described  by  Kim  et  al.  (3) 
with  minor  modifications.  In  brief,  an  appropriate  aliquot  of  either  a  prostatic  specimen  or  a 
protein  extract  of  PC-3  cells  was  assayed  in  50  pi  of  reaction  mixture  containing  50  pM 
deoxynucleotide  triphosphates,  0.1  pg  of  TS  primer  (5'-AATCCGTCGAGCAGAGTT-3'),  2 
Units  of  Taq  polymerase,  1  pi  of  [a-32P]dCTP  (10  mCi/ml,  3,000  Ci/mmol),  20  mM  Tris-HCl 
(pH  8.3),  1.5  mM  MgCl2,  63  mM  KC1,  1  mM  EGTA,  0.005%  Tween-20  in  a  0.5  ml  tube  that 
contained  0.1  pg  of  CX  primer  (5'-CCCTTACCCTTACCCTTACCCTAA-3')  sequestered  at  the 
bottom  of  the  0.5  ml  tube  by  a  wax  barrier  (Ampliwax,  Perkin  Elmer,  Foster  City,  CA).  After  45 
min  of  incubation  at  room  temperature,  the  reaction  mixture  was  subjected  to  34  PCR  cycles 
consisting  of  94  °C  for  30  s,  50  °C  for  30  s,  and  72  °C  for  90  s.  The  PCR  product  was  then 
subjected  to  electrophoresis  on  a  10%  non-denaturing  polyacrylamide  gel,  dried,  and  exposed  to 
X-ray  film,  or  developed  in  a  Bio-Rad  Molecular  Imager  in  conjunction  with  the  Molecular 
Analyst  software  (Bio-Rad  Laboratories,  Hercules,  CA).  Typical  products  of  telomerase  activity 
were  shown  by  the  6-bp  ladder  bands  starting  from  40  bp.  Telomerase  activity  was  graded  on  a 
scale  of  0  to  3  (0,  no  activity;  3,  highest  activity).  The  following  standards  were  used  to  judge  a 
sample  telomerase  positive:  1)  the  presence  in  a  sample  lane  of  more  than  four  bands  of  the  6-bp 
telomerase  repeat,  which  could  be  eliminated  by  either  RNase  A  or  heat,  and  2)  repetition  of  the 
result  with  two  or  more  repeat  samplings. 

Statistical  analysis 
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Differences  were  evaluated  by  means  of  the  chi-square  test.  P  values  less  than  or  equal 
to  0.05  were  considered  statistically  significant. 

RESULTS 

In  agreement  with  previously  reported  data  (5),  substantial  telomerase  activity  was 
observed  in  lysates  of  the  PC-3  human  prostate  cancer  cell  line.  In  a  serial  dilution  study  of  the 
PC-3  CHAPS  lysate,  telomerase  activity  could  be  detected  in  a  protein  extract  corresponding  to 
as  little  as  one  PC-3  cell  when  using  a  34-PCR  cycle  (Fig.  1),  confirming  the  high  sensitivity  of 
this  assay  system  to  detect  telomerase  activity  in  immortal  cells. 

Telomerase  activity  was  detected  in  the  supernatant  fluid  and/or  the  pellet  extract  of 
specimens  obtained  from  25  of  30  PCa  patients  (83%),  whereas  no  activity  was  detectable  in 
specimens  taken  from  8  of  9  patients  (89%)  with  either  a  normal  prostate  gland  or  BPH  (Table 
1).  The  telomerase  signals  from  the  CHAPS  protein  extracts  of  the  pellets  were  stronger  than 
those  from  the  supernatant  fluids  (Fig.  2).  The  telomerase  ladder  obtained  from  most  of  the 
prostate  fluid  specimens  suggested  that  each  assayed  aliquot  contained  the  telomerase  equivalent 
of  approximately  10  PC-3  cancer  cells  (Fig.  1  and  Fig.  2).  The  positive  rate  (80%)  from  the 
CHAPS  extracts  of  the  pellets  was  significantly  higher  than  that  (53%)  from  the  supernatant 
fluids  (Table  1).  Furthermore,  in  some  specimens  the  telomerase  activity  was  increased  after 
heating  at  85  °C  for  15  min  (Fig.  2,  lanes  3,  7),  while  in  other  specimens  the  telomerase  activity 
was  diminished  but  could  not  be  abolished  by  such  heating  (Fig.  2,  lane  1).  This  is  in  contrast  to 
the  effect  of  heating  a  CHAPS  extract  of  PC-3  cells  to  85  °C  for  15  min,  which  essentially 
eliminated  telomerase  activity  (Fig.  2,  lane  1 1).  This  phenomenon  was  further  investigated  by 
heating  the  aliquots  of  protein  extract  from  a  prostate  cancer  patient  specimen  to  85  °C  for  60, 

15,  and  5  min  and  then  determining  the  amount  of  telomerase  activity  that  remained  after  the 
heat  treatment  (Fig.  3,  lanes  2,  3, 4).  Telomerase  activity  was  still  detectable  after  an  hour  at  85 
°C.  A  double  pretreatment  was  performed  which  involved  heating  at  85  °C  for  15  min  followed 
by  exposure  to  RNase  A  (0.2  pg/pl)  for  30  min  at  37  °C  (Fig.  3,  lane  1).  No  telomerase  activity 
was  detectable  in  the  specimens  pretreated  with  both  heat  and  RNase  A.  Our  results  suggest  that 
a  heat-pretreatment  is  not  always  an  appropriate  negative  control  for  telomerase  activity  in 
prostatic  fluid  specimens.  On  the  contrary,  heat-pretreatment  of  some  of  the  specimens  improves 
the  ability  to  detect  telomerase  activity. 

We  also  analyzed  the  relationship  between  telomerase  activity  in  the  prostatic  fluid 
specimens  and  the  PSA  values  of  patients,  and  found  that  telomerase  activity  had  a  strong 
correlation  with  the  PSA  levels  (Table  2A).  Patients  with  PSA  values  >4  ng/ml  had  telomerase 
activity  in  their  prostatic  fluid  specimens  84%  of  the  time,  while  only  29%  of  the  patients  with 
PSA  values  <4  ng/ml  had  telomerase  activity  in  their  prostatic  secretions.  Using  this 
comparison,  the  positive  predictive  value  (PPV)  of  the  TRAP  assay  for  an  elevated  PSA  was 
84%. 

Telomerase  activity  was  also  correlated  with  the  Gleason  scores  of  PCa  patients  (Table 
2B).  Telomerase  activity  could  be  detected  in  85%  of  prostatic  fluid  specimens  from  PCa 
patients  with  Gleason  scores  >4,  and  half  of  PCa  patients  with  Gleason  scores  <4  also  had 
telomerase  activity  in  their  prostatic  fluid  specimens.  Using  the  Gleason  score  of  4  as  the 
dividing  point  for  these  two  groups  produced  a  PPV  of  92%  for  the  higher  group. 
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DISCUSSION 


Since  the  development  of  the  TRAP  assay  by  Kim  et  al.  (3),  telomerase  activity  has  been 
detected  in  a  wide  variety  of  malignant  tumors,  including  prostate  cancer  (3,4).  Therefore, 
telomerase  shows  promise  as  a  cancer  marker.  Telomerase  activity  is  detectable  in  surgically 
collected  tissue  specimens  from  PCa  patients,  indicating  that  the  TRAP  assay  can  be  used  as  a 
diagnostic  tool  for  PCa  (5-8).  However,  telomerase  detection  in  nonsurgically  obtained  body 
fluids,  such  as  prostatic  fluid,  would  likely  be  more  practical  for  the  diagnosis  of  prostate  cancer 
because  of  easier  patient  compliance  and  lower  expense. 

Clinically,  prostatic  adenocarcinoma  arises  in  the  acinar  and  proximal  ductal  epithelium 
of  the  prostate  gland  and  accounts  for  over  95%  of  prostatic  cancers  (11).  Prostatic  fluid 
contains  proteases,  lipids,  metal  ions  and  amines  secreted  daily  from  acinar  cells  of  the  prostate 
gland  (12).  Furthermore,  a  few  exfoliated  cells  from  the  prostate  and  telomerase  from  those 
cancer  cells  might  be  in  prostatic  fluid.  Telomerase  activity  has  been  detected  in  exfoliated  cells 
present  in  urine  from  bladder  carcinoma  patients  (13,14),  as  well  as  in  colonic  luminal  washings 
from  colon  carcinoma  patients  (15). 

The  present  study  focuses  on  determining  the  diagnostic  value  of  the  TRAP  assay  applied 
to  prostatic  fluid  specimens.  More  than  80%  of  30  PCa  patients  showed  positive  telomerase 
activity  in  their  prostatic  fluid  specimens.  The  PPV  for  prostate  cancer  was  96%.  Almost  90% 
of  the  normal  and  BPH  patients  were  negative  for  telomerase  activity.  These  results  indicate  that 
telomerase  activity  in  prostatic  fluid  is  a  useful  diagnostic  marker  for  prostate  cancer.  The 
pellets  from  centrifuged  fresh  prostatic  fluid  specimens,  which  probably  contain  exfoliated 
cancer  cells,  were  shown  to  be  better  for  detecting  telomerase  activity  than  supernatant  fluids. 

Telomerase  is  a  ribonucleoprotein  enzyme  whose  activity  depends  on  both  its  RNA  and 
protein  components.  Numerous  data  have  shown  that  its  activity  can  be  eliminated  by  a 
pretreatment  with  either  RNase  A  or  heat  (16,17).  However,  the  results  from  some  specimens 
showed  that  the  telomerase  activity  could  be  increased  after  heat-pretreatment.  In  other 
specimens,  the  telomerase  signals  became  weakened,  but  could  not  be  totally  abolished  by  pre¬ 
heating.  This  hints  that  inhibitors  of  telomerase  are  present  in  pure  prostatic  fluid  specimens 
which  bind  tightly  to  the  telomerase  enzyme.  Heat  pretreatment  appears  to  be  inactivating  the 
inhibitors  rather  than  inactivating  telomerase. 

Serum  PSA  is  commonly  used  as  a  marker  for  prostate  cancer.  In  general,  the  higher  the 
PSA  level,  the  greater  is  the  likelihood  of  an  advanced  pathologic  stage  (18).  Serum  PSA  level 
has  been  found  to  correlate  with  tumor  volume  and  is  an  important  predictor  of  tumor 
progression  and  prognosis  (19).  In  this  study,  we  demonstrated  that  telomerase  activity  is  highly 
correlated  with  PSA  levels.  In  addition,  we  showed  that  a  strong  correlation  exists  between  the 
presence  of  telomerase  and  a  Gleason  score  greater  than  4.  Therefore,  the  detection  of 
telomerase  in  prostatic  fluid  appears  to  serve  as  a  prognostic  marker  as  well  as  a  diagnostic 
marker  for  prostate  cancer.  In  our  study,  96%  of  patients  who  showed  positive  telomerase 
activity  in  their  prostatic  fluid  specimens  also  had  prostate  cancer.  In  contrast,  only  about  35% 
of  males  with  serum  PSA  levels  above  4  ng/ml  are  found  to  have  prostate  cancer  (20). 

Therefore,  the  presence  of  telomerase  in  prostatic  fluid  is  a  more  specific  marker  than  serum 
PSA  for  diagnosing  prostate  cancer. 

In  conclusion,  the  PCR-based  TRAP  assay  was  sensitive  enough  to  detect  telomerase 
activity  in  prostatic  fluid.  Telomerase  activity  was  detectable  in  more  than  80%  of  prostatic  fluid 
specimens  obtained  from  prostate  cancer  patients,  but  it  was  not  detectable  in  close  to  90%  of 
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specimens  taken  from  prostate-normal  or  BPH  patients.  The  prostatic  fluid  specimens  can  be 
collected  easily  and  with  minimal  discomfort  or  risk  to  patients.  The  ability  to  detect  telomerase 
activity  in  those  specimens  strongly  suggests  that  the  TRAP  assay  of  prostatic  fluid  has  the 
potential  of  playing  a  key  role  in  the  clinical  diagnosis  of  prostate  cancer. 

CONCLUSIONS 

Telomerase  is  a  ribonucleoprotein  enzyme  that  is  able  to  add  telomeric  repeats  to  the  ends 
of  eukaryotic  DNA  to  stabilize  chromosomes.  Telomerase  is  active  in  germline  cells,  stem  cells 
and  immortalized  or  malignant  tumor  cells,  but  not  in  most  human  somatic  cells.  In  this  study 
we  report  the  extended  use  of  the  Telomeric  Repeat  Amplification  Protocol  (TRAP)  assay  for  the 
detection  of  telomerase  activity  in  freshly  collected  prostatic  fluid.  Out  of  30  prostatic  fluid 
specimens  from  patients  with  confirmed  prostate  cancer  (PCa),  25  had  positive  telomerase 
activity  (sensitivity  83%),  while  only  1  of  9  samples  from  patients  with  benign  prostatic 
hyperplasia  or  prostate-normal  subjects  tested  negative  (specificity  89%).  The  positive 
predictive  value  (PPV)  of  the  TRAP  assay  for  prostate  cancer  was  96%.  We  found  a  strong 
correlation  between  telomerase  activity  in  prostatic  fluid  specimens  and  serum  prostate  specific 
antigen  (PSA)  values.  Telomerase  activity  was  found  in  79%  of  specimens  from  patients  with 
PSA  values  >4  ng/ml,  while  in  specimens  from  patients  with  PSA  values  <4  ng/ml  only  29% 
tested  positive  for  telomerase  activity.  In  patients  with  PSA  values  above  the  standard  0-4  ng/ml 
reference  range,  the  PPV  of  the  TRAP  assay  was  84%.  Furthermore,  telomerase  activity  could 
be  detected  in  85%  of  the  specimens  from  PCa  patients  with  Gleason  scores  >4.  In  prostatic 
fluid  from  PCa  patients  with  Gleason  scores  of  <4,  telomerase  activity  was  detected  50%  of  the 
time.  The  PPV  was  92%  when  a  Gleason  score  of  4  was  used  as  the  lower  limit.  The  use  of  the 
TRAP  assay  to  detect  telomerase  activity  in  prostatic  fluid  is  a  novel  approach  to  diagnosing 
prostate  cancer.  This  method  of  detecting  prostate  cancer  is  promising,  considering  the 
correlation  between  telomerase  expression  and  cancer.  The  TRAP  assay  has  the  potential  of 
becoming  an  effective  assay  for  the  diagnosis  of  prostate  cancer. 
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TABLES 


Table  1 .  Diagnostic  significance  of  telomerase  activity  in  prostatic  fluid  specimens  from  a  hospital- 
based  patient  population. 


Carcinom 

a 

Sample 
Source  * 

Telomerase  Activity 

Positive  Negative  Total 
(n) 

Sensitivity 

Specificity 

Positive 

Predictive 

Value 

PF 

Present 

Sup 

16 

14 

30 

53%  (16/30) 

O 

E 

24 

6 

30 

80%  (24/30) 

O 

Total  (n) 

25  3  0 

53 

30 

83%  (25/30) 

Absent 

Sup 

0 

9 

9 

E 

1 

8 

9 

Total  (n) 

130 

83 

9 

89%  (8/9) 

Total  (n) 

26 

13 

39 

96% 

(25/26) 

*  Sup,  supernatant  fluids;  E,  CHAPS  extracts  from  the  pellets. 
O,  ©,  ©,  ©:  Significantly  different  from  each  other  (P  <0.05). 


Table  2.  The  correlation  of  either  PSA  value  (A)  or  Gleason  Score  (B)  with  telomerase  activity  in 
prostatic  fluid  specimens  from  a  hospital-based  patient  population. 

Telomerase  Activity 


Positive 

Negative 

Total(n)  Sensitivity 

Specificity 

Positive  Predictive 
Value 

>4 

21  0  3 

40 

25 

84%  (21/25) 

A 

PSA  Value  * 

<4 

433 

10  3 

14 

71%  (10/14) 

Total  (n) 

25 

14 

39 

84%  (21/25) 

>4 

22  0  3 

4© 

26 

85%  (22/26) 

Gleason 

B 

Score 

<4 

23 

2  . 

4 

50%  (2/4) 

Total  (n) 

24 

6 

30 

92%  (22/24) 

*  The  normal  range  of  serum  PSA  value  is  equal  to  or  less  than  4  ng/ml. 
O,  ©,  ©,  0,  ©:  Significantly  different  from  each  other  (P  <0.05). 
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FIGURE  LEGENDS 


Fig.  1.  Telomerase  activity  in  PC-3  cells,  a  human  prostate  cancer  cell  line.  Lanes  1-4,  telomerase 
activity  in  serial  dilutions  of  CHAPS  extract,  1000, 100, 10,  and  1  cell  equivalents,  respectively;  lane  5, 
lysis  buffer;  lane  6,  CHAPS  extract,  1000  cell  equivalents,  pretreated  with  heat. 

Fig.  2.  Telomerase  activity  in  prostatic  fluid  specimens  from  two  PCa  patients  (A,  B)  with  the 
addition  of  protease  inhibitors.  Lanes  1-4,  specimen  A;  lanes  5-8,  specimen  B;  lane  9,  lysis  buffer; 
lanes  10, 11,  CHAPS  extract  of  PC-3  cells  (6  pg  protein),  without  or  with  heat  pretreatment, 
respectively.  Supernatant  fluid  (1  pi),  lanes  1, 2,  5,  6;  CHAPS  extract  of  the  pellet  (6  pg  protein),  lanes 
3,  4,  7,  8.  Heat  pretreatment,  lanes  1,3,5,  7;  no  heat  pretreatment,  lanes  2,  4,  6,  8. 

Fig.  3.  Effect  of  varying  durations  of  heat  pretreatment  on  telomerase  activity  in  the  CHAPS 
extract  of  a  specimen  pellet.  Lane  1,  an  aliquot  (6  pg  protein)  preheated  at  85  °C  for  15  min  followed 
by  RNase  A  pretreatment  at  37  °C  for  30  min;  lanes  2,  3, 4,  aliquots  (6  pg  protein  each)  preheated  at  85 
°C  for  60  min,  15  min,  and  5  min,  respectively;  lane  5,  an  aliquot  (6  pg  protein)  without  heat 
pretreatment;  lane  6,  lysis  buffer;  lanes  7,  8,  CHAPS  extract  of  PC-3  cells  (6  pg  protein),  without  or 
with  heat  pretreatment,  respectively. 
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Evaluation  of  the  telomerase  PCR  ELISA  in  examining  prostate  needle  biopsy  and  prostatic  fluid 

specimens  for  cancer 


INTRODUCTION 

Based  on  the  knowledge  in  cancer  biology,  progression  to  a  cancerous  state  in  a  cell  does  require 
the  accumulation  of  a  series  of  genetic  alterations  or  mutations.  In  the  development  of  some  kinds  of 
human  cancer,  alternative  gene  mutations  cause  a  clone  of  normal  somatic  cells  to  lose  the  ability  to 
respond  to  growth  inhibitory  signals,  allowing  cell  division  without  the  specific  growth  stimulatory 
signals.  Over-proliferation  can  speed  up  telomere  shortening  in  the  cells.  Telomerase  could  be 
therefore  activated  in  a  clone  of  the  cells  to  elongate  the  shortened  telomeric  sequences  and  to  stabilize 
chromosome  ends  if  additional  mutations  occur  according  to  the  telomere  hypothesis  of  cell  aging  and 
immortalization  (Harley,  1991;  Harley  et  al.,  1992;  Holt  et  al.,  1996).  The  cell  containing  telomerase 
activity  reflects  its  potentially  immortal  state,  but  implies  very  little  about  malignancy.  Cell  immortality 
does  not  mean  unregulated  rates  of  cell  proliferation  or  metastasis,  but  only  gives  the  cells  the 
proliferative  capacity  to  accumulate  the  necessary  mutations  to  become  malignant.  Therefore,  more 
mutations  must  be  required  for  those  immortal  cells  to  progress  to  invasive  and  then  metastatic  states. 
However,  in  the  development  of  other  kinds  of  human  cancer,  the  pre-cancerous  cells  may  need  far 
fewer  mutations  in  order  to  become  malignant  and  may  not  exhaust  the  normal  limits  of  proliferation 
before  they  cause  disease.  These  types  of  cancer  would  be  expected  to  be  both  mortal  and  negative  for 
telomerase  activity. 

Since  the  highly  sensitive  PCR-based  telomerase  assay,  Telomeric  Repeat  Amplification 

Protocol  (TRAP),  was  created  in  1994  (Kim  et  al.,  1994),  telomerase  activity  in  normal  or  cancer  cells  in 

human  beings  has  been  widely  investigated.  Numerous  published  data  have  shown  that  telomerase  is 

active  in  about  85%  of  human  cancers  tested,  including  prostate  cancer,  but  the  activity  is  absent  in  most 

human  somatic  cells  and  tissues  (Kim  et  al.,  1994;  Shay  and  Wright,  1996;  Shay  and  Bacchetti,  1997), 

suggesting  that  telomerase  activity  is  a  promising  molecular  marker  for  the  diagnosis  of  human  cancer 

and  the  TRAP  assay  for  the  detection  of  telomerase  activity  is  sensitive  and  specific  enough  to  be 

involved  in  this  process.  However,  this  conventional  TRAP  assay  is  methodologically  radioisotope- 

involved,  visualized  by  autoradiography  after  gel  electrophoresis,  and  the  results  are  of  limited  linearity. 

These  methods  are  hazardous,  time  consuming,  and  affect  the  accurate  evaluation  of  the  activity  in 

different  cancers.  These  disadvantages  may  limit  further  clinical  applications.  In  recent  years,  several 

modifications  of  the  conventional  TRAP  assay  have  been  made  to  overcome  these  disadvantages.  The 

changes  include  the  use  of  modified  primers  to  improve  the  specificity  of  PCR  amplification  (Tatematsu 

et  al.,  1996;  Kim  and  Wu,  1997),  the  introduction  of  an  internal  standard  in  the  assay  to  increase  the 

reliability  and  linearity  (Wright  et  al.,  1995;  Kim  and  Wu,  1997),  the  use  of  fluorescent  or  biotinylated 

"10  a 

primers  or  probes  in  the  assay  instead  of  the  use  of  the  P  radioisotope  (Ohyashiki  et  al.,  1996;  Savoisky 
et  al.,  1996;  Aldous  and  Grabil,  1997;  Gelmini  et  al.,  1998;  Uehara  et  al.,  1999),  and  the  application  of 
other  biotechniques  to  save  testing  time  and  to  simplify  the  procedures  (Fujita  et  al.,  1998;  Hirose  et  al., 
1998;  Sun  et  al.,  1998;  Cheng  et  al.,  1999).  All  of  these  trials  have  provided  an  interesting  evolution  of 
the  assay  although  some  disadvantages  still  exist  in  each  modified  assay. 

The  telomerase  PCR  ELISA,  developed  by  Boehringer  Mannheim,  is  an  expansion  of  the 
conventional  TRAP  assay  (Kim  et  al.,  1994).  It  allows  highly  specific  amplification  of  telomerase- 
mediated  extension  products  combined  with  nonradioactive  detection  following  an  ELISA  protocol. 
Compared  to  the  conventional  assay,  this  new  PCR  ELISA  contains  all  compounds  required  for  the 
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telomerase  reaction  and  PCR  in  a  ready-to-use  reaction  mixture  for  combining  both  reactions  in  a  one- 
step/one-tube-reaction.  Furthermore,  the  use  of  optimized  primer  sequences  in  the  new  assay  eliminates 
the  need  for  separation  of  the  primers  by  a  wax  barrier  and  avoids  amplification  artifacts,  such  as  primer 
dimers. 

To  evaluate  the  possible  clinical  application  in  the  diagnosis  or  other  aspects  of  prostate  cancer, 
we  selected  the  telomerase  PCR  ELISA  to  determine  telomerase  activity  in  both  sextant  needle  biopsy 
specimens  and  prostatic  fluid  specimens  clinically  collected.  In  the  process,  the  radioisotope-requiring 
TRAP  assay  was  necessarily  performed  for  comparison  with  this  new  PCR  ELISA. 

MATERIALS  AND  METHODS 

Cell  Culture  and  CHAPS  Protein  Extraction 

A  human  prostate  cancer  cell  fine  derived  from  a  bone  metastasis,  PC-3,  with  a  doubling  time  of 
2.7  days  in  tissue  culture  (Kaighn  et  al.,  1979)  and  obtained  from  the  ATCC  (Rockville,  MD),  was 
grown  in  RPM3  1640  medium  supplemented  with  10%  new-bom  calf  serum.  The  cells  were  harvested 
when  90%  confluent  using  trypsin.  After  the  cells  were  collected  by  centrifugation,  the  cell  pellet  was 
washed  twice  with  cold  phosphate-buffered  saline,  resuspended  in  ice-cold  Buffer  A  [10  mM  HEPES- 
KOH  (pH  7.5),  1.5  mM  MgCl2, 10  mM  KC1, 1  mM  dithiothreitol],  and  recentrifuged.  The  pellet  was 
lysed  in  Buffer  B  (Lysis  Buffer)  [0.5%  3-(3-cholamidopropyl-dimethylammonio)-l-propanesulfonate 
(CHAPS),  5  mM  P-mercaptoethanol,  0.1  mM  phenylmethanesulfonyl  fluoride  (PMSF),  10%  glycerol, 

10  mM  Tris-HCl  (pH  7.5),  1  mM  MgCl2]  for  30  min  on  ice.  Then,  the  lysate  was  centrifuged  at  16,000 
x  g  for  20  min  at  4  °C.  Aliquots  of  the  supernatant  fluid  were  immediately  stored  at  -80  °C.  The  protein 
concentration  was  determined  by  ultraviolet  spectrophotometry  (Robyt  and  White,  1990). 

Collection  of  Sextant  Needle  Biopsies  from  Radical  Retropubic  Prostatectomy  (RRP) 

A  total  of  48  sextant  needle  biopsy  specimens  from  the  prostates  of  7  PCa  patients  were  collected 
in  the  Operating  Room.  In  the  process,  needle  cores,  using  18-gauge  cutting  needles  (C.R.  Bard,  Inc., 
Covington,  GA)  from  a  Biopty  gun,  were  mainly  obtained  from  six  regions  and  the  possible  nodule  of 
the  posterior  prostate  once  the  prostate  was  removed  by  RRP  (Fig.  1 ).  For  further  pathological 
examination,  dye  (Bradley  Products,  Inc.,  Bloomington,  MN),  colored  green,  red  or  yellow,  was  applied 
to  mark  the  areas  where  the  needle  cores  were  taken.  Two  needle  cores  mixed  with  a  little  dye,  one  for 
testing  telomerase  activity  while  the  other  for  the  possible  pathohistological  examination,  were  obtained 
from  the  same  area  at  the  same  time.  The  needle  cores  were  kept  on  ice  until  they  could  be  frozen  at  -80 
°C,  usually  within  30  minutes  after  collection.  For  the  CHAPS  protein  extraction,  the  frozen  biopsied 
needle  core  was  soaked  in  a  5X  volume/weight  of  lysis  buffer  and  homogenized  on  ice  in  a  Kontes  tube, 
using  a  matching  pestle,  and  then  extracted  for  protein  as  described  for  the  PC3  cells.  The  protein 
concentration  was  determined  by  ultraviolet  spectrophotometry  (Robyt  and  White,  1990).  Aliquots  were 
frozen  at  -80  °C  until  assayed. 

Collection  of  Prostatic  Fluid  with  protease  inhibitors  added  (PF) 

A  total  of  18  specimens  with  protease  inhibitors  added  (PF),  with  half  of  them  from  PCa  patients 
and  the  other  half  from  the  patients  clinically  confirmed  as  cancer-free,  were  collected  clinically.  In 
brief,  siliconized  microcentrifuge  tubes  were  prepared  in  advance  to  contain  1 . 1 8  ml  of  a  mix  of  protease 
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inhibitors.  A  few  minutes  prior  to  specimen  collection,  20  pi  of  an  ethanol  solution  of  PMSF  was  added 
to  each  microcentrifuge  tube.  The  prostatic  fluid  was  obtained  by  prostatic  massage  performed  on 
patients  about  to  undergo  radical  prostatectomy.  Approximately  300  pi  of  prostatic  fluid  from  each 
patient  was  collected  by  palpating  the  prostate  and  milking  the  fluid  through  the  urethra,  pipetting  the 
specimen  immediately  into  the  microtube,  and  mixing  it  with  the  protease  inhibitors  by  inversion  three 
times.  The  final  concentrations  of  the  protease  inhibitors  were  10  mM  disodium  EDTA,  5  mM  BZA,  20 
mM  sodium  caproate,  and  0.2  mM  PMSF.  The  microtube  was  then  centrifuged  5  min  in  an  Eppendorf 
table-top  centrifuge  at  4  °C.  The  supernatant  fluid  was  divided  into  aliquots,  which  together  with  the 
pellet  were  placed  on  dry  ice  and  transferred  to  the  laboratory.  The  aliquots  of  the  supernatant  fluid 
were  stored  at  -80  °C  for  the  coming  assay,  while  the  pellet  was  further  treated  by  the  CHAPS  protein 
extraction  as  described  above.  This  extract  was  also  divided  into  aliquots  for  freezing  and  storage  at  -80 
°C.  The  protein  concentrations  of  the  CHAPS  extracts  were  determined  by  ultraviolet 
spectrophotometry. 

Telomerase  PCR  ELISA  Method 

For  the  needle  cores,  two  aliquots  (0.6  pg  protein  each)  of  the  CHAPS  extract  with  or  without  an 
RNase  pretreatment,  in  which  the  sample  was  incubated  with  RNase  A  at  the  concentration  of  0.2  pg/pl 
at  37  °C  for  30  min,  were  applied  in  the  assay.  For  each  PF  specimen,  three  aliquots  of  both  the 
supernatant  (1  pi)  and  the  CHAPS  extract  of  the  pellet  (0.6  pg  protein)]  with  or  without  a  pre-heating 
(85  °C  for  15  min)  or  an  RNase  pretreatment  were  used  for  the  assay.  To  set  up  a  semi-log  standard 
curve  for  a  semi-quantitative  analysis,  aliquots  of  PC-3  cell  extracts  corresponding  to  3,000, 300,  30,  3 
cells  were  also  assayed. 

For  each  reaction,  25  pi  of  ready-to-use  reaction  mixture  was  transferred  into  a  0.5  ml  tube  (thin- 
wall)  on  ice.  It  was  mixed  with  an  aliquot  (1  pi)  of  the  clinical  specimen  described  above  and  an  extra 
24  pi  of  DEPC-treated  dH20.  The  tube  was  then  transferred  to  a  PCR  thermal  cycler  to  perform  a 
combined  primer  extension  or  elongation/amplification  reaction  wherein  telomerase  added  telomeric 
repeats  (TTAGGG)  to  the  3'  end  of  the  biotin-labeled  synthetic  Pl-TS-Primer,  and  elongated  products 
were  further  amplified  by  PCR  using  the  primers  Pl-TS  and  P2,  generating  PCR  products  with  the 
telomerase-specific  6  nucleotide  increments.  The  protocol  was  30  min  at  25  °C  for  primer  elongation,  5 
min  at  94  °C  for  telomerase  inactivation,  and  30  PCR  cycles  consisting  of  94  °C  for  30  s,  50  °C  for  30  s, 
and  72  °C  for  90  s  followed  by  10  min  at  72  °C. 

The  next  step  was  the  detection  of  products  by  ELISA.  Briefly,  5  pi  of  the  PCR  product  was 
mixed  with  20  pi  of  denaturation  reagent  and  incubated  at  room  temperature.  The  mixture  was  further 
mixed  with  225  pi  of  hybridization  buffer  containing  a  digoxigenin-(DIG)-labeled,  telomeric  repeat- 
specific  detection  probe.  The  resulting  product  (100  pi)  was  transferred  into  a  well  of  the  microtiter 
plate,  sealed  and  incubated  at  37  °C  on  a  shaker  (200  rpm)  for  a  few  hours  for  immobilization  via  the 
biotin  labeled  primer  to  a  streptavidin-coated  microtiter  plate.  The  immobilized  PCR  product  was  then 
detected  with  100  pi  of  anti-DIG-POD  working  solution,  which  contains  an  antibody  against 
digoxigenin  that  is  conjugated  to  peroxidase,  after  the  well  was  washed  by  washing  buffer  several  times. 
After  a  period  of  incubation  at  room  temperature  on  a  shaker  (200  rpm)  and  further  rinsing  with  washing 
buffer  for  a  few  times,  100  pi  of  TMB  substrate  solution  was  added  to  the  well  and  incubated  for  color 
development,  in  which  the  probe  is  visualized  by  virtue  of  peroxidase  metabolizing  TMB  to  form  a 
colored  reaction  product.  The  color  development  could  be  stopped  by  adding  100  pi  of  stop  reagent. 
The  difference  between  the  absorbances  at  450  nm  and  655  nm  (A450  -  A655  or  AA)  was  measured  with  a 
Microtiter  plate  (ELISA)  reader.  In  general,  telomerase  activity  in  the  needle  core  specimens  is  positive 
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if  the  difference  in  absorbance  is  higher  than  0.2,  whereas  the  activity  in  prostatic  secretion  specimens  is 
considered  to  be  positive  if  the  difference  in  absorbance  is  higher  than  0. 1 .  For  a  semi-quantitative 
analysis,  the  activity  in  0.6  pg  protein  of  CHAPS  extract  of  PC-3  cells,  equivalent  to  the  CHAPS  extract 
from  300  PC-3  cells,  was  defined  as  100  units.  A  relative  activity  (Unit)  in  a  specimen  could  be 
expressed  after  the  difference  in  absorbance  (AA)  from  this  specimen  was  normalized  to  PC-3  standard 
curve  (Fig.  2).  To  minimize  the  result  deviation,  the  semi-log  standard  curve  was  also  set  up  for  each 
experiment. 

The  Radioisotope-requiring  TRAP  assay 

As  a  parallel  test,  the  conventional  TRAP  assay  was  also  performed  to  confirm  the  activity  in 
each  specimen  tested  by  the  PCR  ELISA  method.  For  a  semi-quantitative  analysis,  a  semi-log  PC-3 
standard  curve  should  be  set  up  for  each  experiment.  The  TRAP  assay  for  telomerase  activity  was 
performed  as  described  (Kim  et  al.,  1994)  with  minor  modifications.  In  brief,  an  appropriate  aliquot  of 
either  a  prostatic  specimen,  including  tissue  and  secretion,  or  the  CHAPS  extract  of  PC-3  cells  was 
assayed  in  50  pi  of  reaction  mixture  containing  50  pM  dNTPs,  0.1  pg  of  TS  primer  (5- 
AATCCGTCGAGCAGAGTT-3'),  2  Units  of  Taq  polymerase,  1  pi  of  [a-32P]dCTP  (10  mCi/ml,  3,000 
Ci/mmol),  20  mM  Tris-HCl  (pH  8.3),  1.5  mM  MgCl2,  63  mM  KC1, 1  mM  EGTA,  0.005%  Tween-20, 
and  an  aliquot  of  the  supernatant  or  the  CHAPS  extract,  including  the  extract  from  either  the  needle 
core,  or  the  pellet  of  prostatic  fluid,  or  PC-3  cells,  in  a  0.5  ml  tube  that  contained  0.1  pg  of  CX  primer 
(5'-CCCTTACCCTTACCCTTACCCTAA-3')  sequestered  at  the  bottom  of  the  0.5  ml  tube  by  a  wax 
barrier  (Ampliwax,  Perkin  Elmer,  Foster  city,  CA).  After  a  period  (30  min  in  testing  needle  core 
specimens  and  45  min  in  testing  prostatic  secretion  specimens)  of  incubation  at  room  temperature,  the 
reaction  mixture  was  subjected  to  30  PCR  cycles  for  the  needle  cores  or  34  PCR  cycles  for  PF 
specimens,  consisting  of  94  °C  for  30  s,  50  °C  for  30  s,  and  72  °C  for  90  s.  The  PCR  product  was  then 
subjected  to  electrophoresis  on  a  10%  nondenaturing  polyacrylamide  gel,  dried,  and  exposed  to  X-ray 
film,  or  developed  in  a  Bio-Rad  Molecular  Imager  in  conjunction  with  the  Molecular  Analyst  software 
(Bio-Rad  Laboratories,  Hercules,  CA).  Typical  products  of  telomerase  activity  were  shown  by  the  6-bp 
ladder  bands  starting  from  40  bp.  The  following  standards  were  used  to  judge  a  sample  telomerase 
positive:  (1)  the  presence  in  a  sample  lane  of  more  than  four  bands  of  the  6-bp  telomerase  repeat,  which 
could  be  eliminated  by  either  RNase  A  or  heat,  and  (2)  repetition  of  the  result  with  two  or  more  repeat 
samplings.  For  a  semi-quantitative  assay,  the  lane  was  scanned  by  using  a  Bio-Rad  Molecular  Imager  in 
conjunction  with  the  Molecular  Analyst  software,  and  all  of  peaks  found  were  summed  to  yield  a  net 
incorporation  per  assay,  which  minus  its  own  background  created  a  mean  density  per  assay.  If  the 
activity  in  0.6  pg  protein  of  PC-3  cell  extract  equivalent  to  300  cells  was  defined  as  100  units,  a  relative 
activity  (Unit)  in  a  specimen  could  be  expressed  after  its  mean  density  from  the  assay  was  normalized  to 
PC-3  standard  curve. 

Statistical  Analysis 

Differences  were  evaluated  by  means  of  the  chi-square  test  (%2  test).  P  values  less  than  or  equal 
to  0.05  were  considered  statistically  significant. 
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RESULTS 


Examining  Telomerase  Activity  in  Prostate  Needle  Biopsy  Specimens  Using  the  PCR  ELISA 
Method. 

With  a  suggestion  from  the  kit,  the  sample  could  be  considered  to  be  positive  if  AA  is  higher 
than  0.2,  but  the  relative  activity  in  units  corresponding  to  0.2  AA  in  each  experiment  was  varied  a  little 
from  5.8  to  7.5  units  because  of  a  deviation  of  the  slopes  of  the  standard  curves.  The  mean  activity  for 
the  positive  cutoff  point  was  6.9  ±  0.7  units  (mean  ±  SD).  At  the  same  time,  we  also  confirmed  the 
activity  in  these  specimens  using  the  radioisotope-requiring  TRAP  assay.  The  activity  in  units  for  the 
positive  cutoff  point  could  be  set  up  when  the  mean  density  was  equal  to  zero,  which  was  also  varied 
because  of  a  deviation  of  the  slopes  of  the  standard  curves,  and  the  mean  activity  at  this  point  was  7.6  ± 
3.2  units. 

For  the  PCR  ELISA,  of  32  prostate  needle  cores  with  pathohistologically  confirmed  cancer,  29 
(91%)  showed  positive  telomerase  activity,  whereas  11  of  16  (69%)  needle  cores  without  histologically 
confirmed  cancer  had  no  activity,  the  other  five  specimens  still  showed  weak  activity.  Positive 
predictive  value  (PPV)  and  negative  predictive  value  (NPV)  were  85%  and  79%,  respectively.  The 
mean  activity  per  needle  core  containing  cancer  cells  was  24.5  ±  28.4  units,  which  is  significantly  higher 
than  that  without  cancer  cells  (7.2  ±  2.2  unit)  (Table  1).  After  the  radioisotope-requiring  TRAP  assay 
was  performed  to  test  telomerase  activity  in  these  specimens  at  the  same  time,  a  similar  data  could  be 
obtained.  For  this  assay,  telomerase  activity  was  positive  in  88%  or  28  of  32  specimens  containing 
pathohistologically  confirmed  cancer  cells,  while  only  3  of  16  needle  cores  without  histologically 
confirmed  cancer  cells  had  weak  telomerase  activity,  the  specificity  was  up  to  81%.  Compared  with  the 
data  in  the  PCR  ELISA  group,  the  higher  PPV  and  NPV  were  also  consistently  obtained,  which  were 
90%  and  76%,  respectively.  Contrary  to  a  relatively  lower  average  activity  (7.3  ±1.8  units)  in  the 
specimens  without  cancer  cells,  the  average  activity  per  specimen  containing  cancer  cells  (25.6  ±  27.8 
units)  was  significantly  higher  and  close  to  that  (24.5  ±  28.4  units)  in  the  PCR  ELISA  group  (Table  1). 
Telomerase  activity  tested  by  two  methods  in  these  sextant  needle  cores  could  be  also  summarized  in  a 
pair  comparison  individually.  As  expected,  telomerase  activity  in  the  cores  tested  by  one  method  was 
usually  and  excellently  matching  with  the  activity  tested  by  the  other  (Fig.  3).  The  data  above  suggest 
that  the  telomerase  PCR  ELISA  is  methodologically  sensitive  enough  to  detect  telomerase  activity  in  a 
small  quantity  of  needle  biopsy  tissue  by  showing  a  perfect  parallel  to  the  activity  confirmed  by  the 
radioisotope-requiring  TRAP  assay. 

Examining  Telomerase  Activity  in  Prostatic  Fluid  Specimens  Using  the  PCR  ELISA  Method. 

Based  on  previous  results  in  our  laboratory  (data  not  shown),  the  signals  from  the  CHAPS 
extracts  of  the  pellets  of  prostatic  fluid  with  protease  inhibitors  added  were  stronger  than  those  from  the 
supernatants,  and  in  some  specimens  the  telomerase  activity  was  increased  after  a  pre-heating  at  85  °C 
for  15  min.  Therefore,  we  designed  experiments  where  telomerase  activity  was  determined  in  the 
aliquots  of  both  the  supernatant  (1  pi)  and  the  CHAPS  extract  of  the  pellet  (0.6  pg  protein)]  with  or 
without  a  pre-heating,  while  aliquots  with  an  RNase  pretreatment  from  both  the  supernatant  and  the 
CHAPS  extract  of  the  pellet  were  also  tested  as  a  specific  negative  control  for  each  specimen.  The 
specimen  from  a  patient  was  considered  to  have  positive  telomerase  activity  if  at  least  one  sample  from 
the  specimen  showed  positive  activity.  In  the  process,  both  the  PCR  ELISA  and  the  radioisotope- 
requiring  TRAP  assay  were  performed  to  determine  the  activity  in  the  specimens  at  the  same  time. 
Because  of  the  relatively  lower  activity  in  the  specimens  compared  with  that  in  those  tissue  specimens, 
we  changed  the  positive  cutoff  point  from  0.2  AA  to  0.1  AA,  which  increased  the  sensitivity  from  44% 
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(data  not  shown)  to  78%  without  an  affecting  the  specificity  in  testing  the  clinical  specimens.  For  a 
further  semi-quantitative  analysis,  the  semi-log  standard  curve  from  a  serial  dilution  study  of  PC-3  cell 
extract  was  set  up  for  each  experiment.  The  mean  activity  at  the  positive  cutoff  point  from  several 
standard  curves  was  7.6  ±  0.5  units.  While  the  positive  cutoff  point  for  the  radioisotope-requiring  TRAP 
assay  was  7.0  ±  0.2  units  in  average. 

Using  both  the  PCR  ELISA  and  the  radioisotope-requiring  TRAP  assay,  telomerase  activity  was 
detected  in  7  of  9  specimens  (78%)  from  PCa  patients,  whereas  only  1  of  9  specimens  (11%)  from  the 
patients  with  cancer-free  showed  weak  activity.  PPV  and  NPV  could  be  further  determined  to  be  88% 
and  80%,  respectively.  Interestingly,  the  mean  activity  for  each  specimen  from  cancer  patient  was  only 
7.1  ±  1 .5  units  for  the  PCR  ELISA  and  7.2  ±1.8  units  for  the  radioisotope-requiring  TRAP  assay.  Both 
values  of  telomerase  activity  were  just  slightly  higher  than  the  values,  6.2  ±  0.4  and  5.7  ±  0.9  units, 
respectively,  from  the  cancer-free  patients  (Table  2),  suggesting  that  weak  telomerase  activity  was 
usually  detected  in  these  prostatic  fluid  specimens.  Nevertheless,  the  data  above  indicate  that  the  PCR 
ELISA  kit  could  be  practically  used  to  detect  telomerase  activity  in  prostatic  fluid  specimens  by 
showing  a  comparable  result  with  the  radioisotope-requiring  TRAP  assay. 

DISCUSSION 

With  the  previous  data  from  our  laboratory,  telomerase  activity  has  been  proven  to  be  a  specific 
marker  in  the  diagnosis  and  the  prognosis  of  prostate  cancer.  However,  the  methodological 
disadvantages  of  the  conventional  TRAP  assay  limit  its  further  clinical  expansion.  Here  we  selected  the 
telomerase  PCR  ELISA,  which  is  more  conveniently  handled  and  gives  faster  results,  to  evaluate  its 
possible  clinical  use  in  the  diagnosis  of  prostate  cancer.  In  the  process,  the  radioisotope-requiring  TRAP 
assay  was  necessarily  performed  for  comparison  with  this  new  PCR  ELISA.  Testing  different  protein 
amounts  of  PC-3  cell  extract  as  the  positive  controls  in  both  assays  allows  not  only  a  semi-quantitative 
analysis  by  setting  up  the  standard  curve  but  also  makes  the  paired  results  from  a  specimen 
quantitatively  comparable.  All  standard  curves  had  good  linearity  from  10  units  (0.06  pg  PC-3  cell 
extract)  to  1000  units  (6  pg  PC-3  cell  extract),  indicating  a  good  relationship  with  the  quantities  of  DNA 
synthesized  after  PCR  amplification,  while  significant  deviations  appeared  on  the  spots  beyond  that 
range  (Fig.  2).  Similar  results  could  be  seen  based  on  the  standard  curves  from  the  radioisotope- 
requiring  TRAP  assay. 

For  prostate  needle  biopsy  specimens,  telomerase  activity  detected  in  the  PCR  ELISA  matched 
well  with  that  in  the  conventional  TRAP  assay  generally.  However,  the  results  showing  lower  or  weak 
telomerase  activity  from  both  assays  were  occasionally  not  parallel  due  to  possible  methodological 
reasons,  resulting  in  a  relatively  lower  specificity  (69%)  in  the  PCR  ELISA  group.  Statistical  analysis 
also  confirmed  the  results  above,  and  suggesting  that  the  PCR  ELISA  kits  could  be  clinically  used  to 
detect  telomerase  activity  in  prostate  needle  cores,  which  usually  contain  a  very  small  amount  of 
prostate  tissue,  instead  of  the  conventional  TRAP  assay.  In  other  words,  the  PCR  ELISA  could  be 
practically  applied  not  only  for  the  detection  of  telomerase  activity  in  sextant  needle  biopsy  specimens 
but  also  for  a  further  indication  of  the  possible  cancer  regions  in  the  prostate. 

For  prostatic  fluid  specimens  with  protease  inhibitors  added,  we  initially  realized  that  a  relatively 
higher  percentage  of  the  specimens  from  PCa  patients  shows  a  lower  or  weak  telomerase  activity  in  the 
radioisotope-requiring  TRAP  assay  because  this  kind  of  specimen  usually  contains  a  very  limited 
number  of  cancerous  cells,  and  in  some  cases  telomerase  activity  could  be  increased  after  a  heat- 
pretreatment  of  the  original  specimens,  which  may  contributes  to  a  satisfactory  sensitivity  in  statistical 
analysis.  Therefore,  to  evaluate  if  telomerase  PCR  ELISA  could  be  used  to  determine  the  activity  in 
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prostatic  fluid  specimens  with  protease  added,  we  tested  the  activity  in  multiple  samples  of  a  specimen, 
termed  multi-sample  testing,  including  both  original  and  a  pre-heating  samples  of  both  the  CHAPS 
extract  of  the  pellet  and  the  supernatant  from  a  specimen.  The  way  we  did  that  provides  more  chances 
to  have  positive  activity  in  these  testing  samples  of  a  specimen,  and  greatly  increases  the  positive 
probability  or  decreases  the  false-negative  probability  for  a  cancer  patient.  For  example,  only  9  of  36 
testing  samples  from  9  cancer  patients  had  positive  telomerase  activity  using  the  PCR  ELISA,  which 
indicates  a  lower  positive  rate  (25%)  for  the  testing  samples  (data  not  shown).  However,  these  9 
positive  samples  were  from  7  cancer  patients.  If  we  regard  the  results  in  a  patient’s  view,  the  positive 
rate  or  sensitivity  was  dramatically  increased  to  78%  (Table  2).  At  the  same  time,  1  of  36  testing 
samples  (specificity  97%)  from  9  patients  who  were  cancer-free  showed  weak  activity  (data  not  shown), 
the  specificity  was  only  reduced  to  89%  (8  of  9  patients  with  no  activity)  from  the  patient’s  view.  A 
similar  phenomenon  was  also  present  in  the  data  from  the  conventional  TRAP  assay.  It  seems  that  the 
activity  and  statistical  results  in  the  PCR  ELISA  matched  well  with  those  in  the  conventional  TRAP 
assay,  even  though  the  lower  activities  in  the  samples  from  both  assays  were  not  parallel  due  to  possible 
methodological  reasons. 

We  also  tried  to  analyze  the  data  to  look  for  a  better  sample  source  for  testing  in  the  PCR  ELISA. 
Interestingly,  8  of  10  samples  with  positive  activity,  including  the  samples  from  the  patients  with  or 
without  prostate  cancer,  were  the  aliquots  of  CHAPS  extracts  of  the  pellets  with  heat  pretreatment, 
suggesting  that  CHAPS  extract  of  the  pellet  from  pure  prostatic  fluid  with  protease  inhibitors  added 
contains  more  telomerase  molecules,  while  heat  pretreatment  appears  to  be  inactivating  the  inhibitor  of 
telomerase,  such  as  the  protease  inhibitors,  rather  than  inactivating  the  telomerase. 

In  summary,  the  PCR  ELISA  is  methodologically  capable  of  determining  telomerase  activity  in 
prostate  needle  cores  and  prostatic  fluid  specimens,  and  could  be  therefore  involved  in  the  diagnosis  of 
prostate  cancer  although  multi-sample  testing  and  a  proper  reduction  of  the  company-suggested  positive 
cutoff  point  in  testing  prostatic  fluid  specimens  are  recommended. 

CONCLUSIONS 

The  conventional  TRAP  assay  has  been  proven  to  be  very  powerful  for  determining  telomerase 
activity  in  the  specimens  from  tissue  or  other  sources.  However,  the  methodological  disadvantages  limit 
its  further  clinical  expansion.  To  set  up  a  practical  system  for  the  measurements  of  telomerase  activity 
in  the  detection  or  early  detection  of  prostate  cancer  (PCa),  we  target  and  evaluate  the  application  of  a 
modified  TRAP  assay,  the  telomerase  PCR  ELISA  developed  by  Boehringer  Mannheim  Co.  On  the 
way,  we  examined  telomerase  activity  in  48  sextant  needle  biopsy  specimens  from  pathologically 
confirmed  cancer  or  cancer-free  regions  of  the  prostate  of  7  PCa  patients  and  18  prostatic  fluid 
specimens  clinically  collected  from  the  patients  with  PCa  or  that  were  cancer- free  using  the  PCR 
ELISA.  The  conventional  TRAP  assay  was  also  performed  for  comparison.  With  excellent  matching  of 
the  results  by  the  two  methods  individually  in  sextant  needle  biopsy  specimens,  both  higher  sensitivity 
(91%)  and  specificity  (69%)  in  the  PCR  ELISA  were  consistent  with  those,  88%  and  81%,  respectively, 
in  the  conventional  TRAP  assay.  Quantitatively,  the  mean  activity  per  needle  core  containing  cancer 
cells  (24.5  ±  28.4  units)  was  significantly  higher  than  that  without  cancer  cells  (7.2  ±  2.2  unit)  in  the 
PCR  ELISA,  which  were  also  parallel  well  to  those,  25.6  ±  27.8  units  and  7.3  ±1.8  units,  respectively, 
in  the  conventional  TRAP  assay.  In  prostatic  fluid  specimens,  with  a  lower  mean  activity  for  each 
specimen  from  cancer  patients  (7.1  ±1.5  units  in  the  PCR  ELISA,  7.2  ±1.8  units  in  the  conventional 
TRAP  assay),  statistical  analysis  showed  a  good  match  between  the  results  from  two  methods  overall 
although  the  results  from  two  methods  did  not  always  pair  with  each  other  in  some  individuals.  In 
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conclusion,  the  PCR  ELISA  is  methodologically  able  to  be  a  qualified  candidate  for  the  clinical  use  in 
the  diagnosis  of  prostate  cancer  although  multi-sample  testing  and  a  proper  reduction  of  the  company- 
suggested  positive  cutoff  point  in  testing  prostatic  fluid  specimens  are  recommended. 
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TABLES 


Table  1.  Telomerase  activity  tested  by  two  methods  in  needle  biopsy  specimens 


Method 

the  PCR  ELISA 

the  Radioisotope-requiring 

TRAP  Assay 

Telomerase  Activity 

Pos L  Neg 1  Total  (n)  Unit/Speci. 4 

Pos 3  Neg  J  Total  (n)  Unit/Speci. 

Present 

29  0  3  @  32  24.5  ±28.4© 

28  0  4  ©  32  25.6  ±27.8© 

5  0  11©  16  7.2  ±  2.2  © 

3  0  13©  16  7.3  ±1.8© 

Pea1 

Absent 

34  14  48 

31  17  48 

Total  (n) 

Sensitivity 

91% 

88% 

(29/32) 

(28/32) 

Specificity 

69% 

81% 

(11/16) 

(13/16) 

Positive  Predictive 

85% 

90% 

Value  (PPV) 

(29/34) 

(28/31) 

Negative  Predictive 

79% 

76% 

Value  (NPV) 

(11/14) 

(13/17) 

1  needle  core  specimens  were  further  confirmed  by  the  pathohistological  examination. 
2  Pos  (positive):  AA:  ^0.2  or  the  mean  activity:  6.9  ±  0.7  units;  Neg,  negative; 

3  Pos  (positive):  the  activity:  7.6  ±  3.2  units;  Neg,  negative; 

4  the  mean  activity  per  specimen  (Unit/Specimen) 

O,  ©,  ©,  ©,  ©:  significantly  different  from  each  other  (P  <0.001). 
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Table  2.  Telomerase  activity  tested  by  two  methods  in  prostatic  secretion  specimens 


Method 

the  PCR  ELISA 

the  Radioisotope-requiring 

TRAP  Assay 

Telomerase  Activity 

?osz  Negz  Total  (n)  Unit/patient  * 

Pos J  Neg  3  Total  (n)  Unit/patient 4 

Present 

7  0  2©  9  7.1  ±1.5© 

7®  2  0  9  7.2  ±1.8© 

Pea1 

Absent 

lO  8©  9  6.2  ±  0.4  @ 

1©  8  0  9  5.7  ±0.9© 

8  10  18 

Total  (n) 

8  10  18 

Sensitivity 

78% 

78% 

(7/9) 

(7/9) 

Specificity 

89% 

89% 

(8/9) 

(8/9) 

Positive  Predictive 

88% 

88% 

Value  (PPV) 

(7/8) 

(7/8) 

Negative  Predictive 

80% 

80% 

Value  (NPV) 

(8/10) 

(8/10) 

1  patients  were  clinically  and  pathologically  diagnosed; 

2  Pos  (positive):  AA:  >0.1  or  the  mean  activity:  7.6  ±  0.5  units;  Neg,  negative; 
5  Pos  (positive):  the  mean  activity:  7.0  ±  0.2  units;  Neg,  negative; 

4  the  mean  activity  per  patient  (Unit/patient); 

O,  ©,  ©,  ©:  significantly  different  from  each  other  ( P  <0.001); 

©:  not  significantly  different  from  each  other  ( P  >0.05). 
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FIGURE  LEGENDS 


Fig.  1.  Six  regions  of  the  prostate  in  posterior  coronal  plane.  Needle  cores  were  basically  obtained 
from  these  six  regions  for  the  detection  of  telomerase  activity.  RB  =  right  base;  RM  =  right  mid-section; 
RA  =  right  apex;  LB  =  left  base;  LM  =  left  mid-section;  LA  =  left  apex. 

Fig.  2.  Standard  Curve  of  Telomerase  Activity  in  the  PCR  ELISA  method.  The  X  axis  is  a 
logarithmic  scale  of  the  relative  telomerase  activity  (Unit),  which  is  originated  from  a  definition  that  100 
units  represents  the  activity  in  0.6  pg  protein  of  PC-3  cell  extract  equivalent  to  300  cells.  The  Y  axis  is 
the  difference  between  the  absorbances  at  450  nm  and  655  nm.  The  standard  curve  was  set  up  by  a 
serial  dilution  study  on  the  CHAPS  extract  of  PC-3  cells  (60,  30, 6,  3,  0.6,  0.3,  0.06,  0.006  pg  protein) 
for  a  semi-quantitative  analysis,  in  which  the  absorbances  of  10,000  units  (60  pg  protein),  5,000  units 
(30  pg  protein),  andl  unit  (0.006  pg  protein)  of  PC-3  should  be  given  up  due  to  the  significant 
deviations.  Therefore,  a  relative  activity  (Unit)  in  a  specimen  could  be  expressed  after  the  difference  in 
absorbance  (A450  -  A^)  from  the  assay  was  normalized  to  the  standard  curve. 

Fig.  3.  Comparison  of  telomerase  activity  tested  by  two  methods  in  needle  biopsy  specimens  from 
a  PCa  patient.  Sextant  needle  cores  from  the  prostate  with  cancer  were  examined  by  two  methods,  the 
radioisotope-requiring  TRAP  assay  and  the  telomerase  PCR  ELISA,  at  the  same  time.  Telomerase 
activity  in  each  core  was  quantitated,  normalized  to  the  standard  curve  from  PC-3  cells,  and  given  in 
units  relative  to  the  control.  The  results  suggest  a  good  parallel  for  two  methods,  and  also  indicate  the 
possible  sites  of  cancer  occurred  or  the  volume  of  cancer. 
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ABSTRACT 


We  report  here  the  extended  use  of  the  Telomeric  Repeat  Amplification  Protocol 
(TRAP)  assay  for  the  detection  of  telomerase  activity  in  freshly  collected  prostatic  fluid. 
Out  of  30  prostatic  fluid  specimens  from  patients  with  confirmed  prostate  cancer  (PCa),  25 
had  positive  telomerase  activity  (sensitivity  83%),  while  only  1  of  9  samples  from  patients 
with  benign  prostatic  hyperplasia  or  prostate-normal  subjects  tested  negative  (specificity 
89%).  The  positive  predictive  value  (PPV)  of  the  TRAP  assay  for  prostate  cancer  was 
96%.  We  found  a  strong  correlation  between  telomerase  activity  in  prostatic  fluid 
specimens  and  serum  prostate  specific  antigen  (PSA)  values.  Telomerase  activity  was 
found  in  79%  of  specimens  from  patients  with  PSA  values  >4  ng/ml,  while  in  specimens 
from  patients  with  PSA  values  s4  ng/ml  only  29%  tested  positive  for  telomerase  activity. 
In  patients  with  PSA  values  above  the  standard  0-4  ng/ml  reference  range,  the  PPV  of  the 
TRAP  assay  was  84%.  Furthermore,  telomerase  activity  could  be  detected  in  85%  of  the 
specimens  from  PCa  patients  with  Gleason  scores  >4.  In  prostatic  fluid  from  PCa  patients 
with  Gleason  scores  of  s4,  telomerase  activity  was  detected  50%  of  the  time.  The  PPV 
was  92%  when  a  Gleason  score  of  4  was  used  as  the  lower  limit.  The  use  of  the  TRAP 
assay  to  detect  telomerase  activity  in  prostatic  fluid  is  a  novel  approach  to  diagnosing 
prostate  cancer  and  should  become  an  effective  tool  for  the  diagnosis  of  prostate  cancer. 
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INTRODUCTION 


Telomeres,  the  specialized  protein-DNA  structures  at  the  ends  of  eukaryotic 
chromosomes,  function  in  the  protection,  positioning,  and  replication  of  chromosomes  (1- 
3).  Human  telomeres  consist  of  tandem  arrays  of  the  G-rich,  highly  conserved  DNA 
sequence  TTAGGG  and  the  proteins  which  bind  to  them  (4).  During  DNA  replication, 
synthesis  of  the  leading  strand  of  the  replication  fork  proceeds  in  a  continuous  manner, 
while  synthesis  of  the  lagging  strand  is  discontinuous,  consisting  of  Okazaki  fragments 
which  initiate  with  a  labile  RNA  primer.  After  Okazaki  fragment  extension  and  RNA 
primer  removal,  the  most  5'  Okazaki  fragment  will  remain  incomplete  since  the  removed 
RNA  primer  cannot  be  replaced  with  DNA.  If  the  5'-terminaI  Okazaki  fragment  does  not 
initiate  directly  opposite  the  3'  end  of  the  template  DNA,  there  will  be  additional 
complementary  bases  unreplicated.  This  replication  strategy  predicts  the  progressive 
shortening  of  chromosomal  DNA  at  the  3'  ends  over  multiple  cycles  of  replication  in 
normal  somatic  cells  (5-7).  The  telomere  hypothesis  of  cell  aging  and  immortalization 
suggests  that  telomere  shortening  in  the  absence  of  telomerase  is  the  mitotic  clock  for 
replicative  senescence  in  normal  somatic  cells  (8,9).  Immortalized  cells,  on  the  other 
hand,  restore  and  maintain  their  telomeres  by  expressing  telomerase  and  possess  unlimited 
proliferative  potential  as  well,  which  is  one  of  the  characteristics  of  malignant  tumor  cells. 

Telomerase  is  a  ribonucleoprotein  enzyme  whose  activity  depends  on  both  its  RNA 
and  protein  components,  as  shown  by  loss  of  activity  following  treatment  with  either 
RNase  or  heat  (10,1 1).  The  basic  function  of  telomerase  is  to  extend  the  3'  end  of 
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telomeres  by  de  novo  synthesis  of  the  G-rich  telomeric  repeat  strand  (12,13).  Telomerase 
can  be  considered  a  RNA  dependent  DNA  polymerase,  or  reverse  transcriptase,  that 
possesses  its  own  RNA  template.  Telomerase  activity  was  first  identified  in  Tetrahymenci 
(14)  and  later  in  several  other  eukaryotes,  including  Oxytricha,  yeast,  mice,  and  humans 
(1 1 ,15,16).  Initially,  the  presence  of  human  telomerase  activity  was  found  only  in  HeLa 
cells  (11)  and  in  ovarian  carcinoma  (17)  until  a  highly  sensitive  polymerase  chain  reaction 
(PCR)-based  telomerase  assay,  the  Telomeric  Repeat  Amplification  Protocol  (TRAP),  was 
developed  (18).  Telomerase  activity  can  be  detected  in  85-90%  of  tumors  and  in  14%  of 
benign  or  early-stage  tumors,  but  it  is  not  detectable  in  most  human  somatic  cells  (18,19). 
The  level  of  telomerase  activity  correlates  with  the  clinical  outcome  of  many  cancers  (20, 
21).  The  high  correlation  between  telomerase  activity  and  the  presence  of  cancer  suggests 
that  telomerase  activity  could  be  a  valuable  diagnostic  and  prognostic  cancer  marker. 

Prostate  cancer  is  the  most  common  noncutaneous  malignancy  in  men  and  is 
second  only  to  lung  cancer  in  causing  cancer-related  deaths  of  males  in  the  United  States 
(22).  It  is  believed  by  most  urologists  that  the  early  detection  of  prostate  cancer  increases 
the  probability  of  successful  treatment  (22).  Diagnostic  techniques,  including  the  serum 
prostate  specific  antigen  (PSA)  test  and  transrectal  ultrasound,  have  a  low  incidence  of 
complications  and  have  increased  the  sensitivity  of  cancer  detection  over  digital  rectal 
examination,  thus  benefitting  many  patients  (23).  Telomerase  activity  has  been  detected 
in  tissue  specimens  from  prostate  cancer  patients  (18,19,24-27),  raising  the  possibility  that 
telomerase  activity  in  tissue  may  be  an  independent  marker  for  prostate  cancer.  However, 
an  even  more  significant  clinical  use  of  detecting  telomerase  activity  would  be  in  the 
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detection  of  prostate  cancer  through  the  analysis  of  readily  accessible  body  fluids  such  as 
urine,  semen,  or  prostatic  secretions.  Collection  of  such  fluid  specimens  has  the  advantage 
of  avoiding  surgical  invasion  of  the  prostate  gland.  In  this  study,  we  have  used  the  TRAP 
assay  to  measure  telomerase  activity  in  freshly  collected  proslatic  fluid  specimens  with  the 
goal  of  developing  the  TRAP  assay  into  a  reliable  diagnostic  tool  for  prostate  cancer 
detection. 

MATERIALS  AND  METHODS 

Cell  Culture  and  CHAPS  Protein  Extraction 

PC-3,  a  human  prostate  cancer  cell  line  derived  from  a  bone  metastasis  with  a 
doubling  time  of  2.7  days  in  tissue  culture  (28)  and  obtained  from  the  ATCC  (Rockville, 
MD),  was  grown  in  RPMI  1640  medium  supplemented  with  10%  new-born  calf  serum. 

The  cells  were  harvested  when  90%  confluent  using  trypsin.  After  the  cells  were  collected 
by  centrifugation,  the  cell  pellet  was  washed  twice  with  cold  phosphate-buffered  saline, 
resuspended  in  ice-cold  Buffer  A  [10  mM  HEPES-KOH  (pH  7.5),  1.5  mM  MgCl2, 10  mM 
KC1, 1  mM  dithiothreitol]  and  recentrifuged.  The  pellet  was  lysed  in  Buffer  B  (Lysis 
Buffer)  [0.5%  3-(3-cholamidopropyl-dimethylammonio)-l-propanesulfonate  (CHAPS),  5 
mM  p-mercaptoethanol,  0.1  mM  phenylmethanesulfonyl  fluoride  (PMSF),  10%  glycerol, 

10  mM  Tris-HCl  (pH  7.5),  l  mM  MgCl2]  for  30  min  on  ice.  Then,  the  lysate  was 
centrifuged  at  1 6,000  x  g  for  20  min  at  4  °C.  Aliquots  of  the  supernatant  fluid  were 
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immediately  stored  at  -80  °C.  The  protein  concentration  was  determined  by  ultraviolet 
spectrophotometry  (29). 

Collection  of  Prostatic  Fluid 

Prostatic  fluid  specimens  were  collected  from  30  PCa  patients  and  from  9  patients 
clinically  confirmed  as  cancer-free,  including  6  benign  prostatic  hyperplasia  (BPH) 
patients.  In  brief,  siliconized  microcentrifuge  tubes  were  prepared  in  advance  to  contain 
1.18  ml  of  a  master  mix  of  protease  inhibitors  (see  below).  A  few  minutes  prior  to 
specimen  collection,  20  pi  of  an  ethanol  solution  of  PMSF  was  added  to  each 
microcentrifuge  tube.  Prostatic  fluid  was  collected  from  each  patient  by  palpating  the 
prostate  and  milking  the  fluid  through  the  urethra.  Approximately  300  pi  of  the  extruded 
specimen  was  transferred  immediately  into  the  microtube,  mixing  the  specimen  with 
protease  inhibitors  by  inversion  three  times.  The  final  concentrations  of  the  added 
protease  inhibitors  were  1 0  mM  disodium  EDTA,  5  mM  benzamidine-HCl,  20  mM 
sodium  caproate,  and  0.2  mM  PMSF.  The  microtube  was  then  centrifuged  5  min  in  an 
Eppendorf  table-top  centrifuge  at  4  °C.  The  supernatant  fluid  was  divided  into  aliquots, 
which  together  with  the  pellet  were  placed  on  dry  ice  and  transferred  to  the  laboratory. 

The  aliquots  of  the  supernatant  fluid  were  stored  at  -80  °C,  while  the  pellet  was  further 
treated  by  the  CHAPS  protein  extraction  method  as  described  above.  This  extract  was 
also  divided  into  aliquots  for  freezing  and  storage  at  -80  °C.  The  protein  concentrations  of 
the  CHAPS  extracts  were  determined  by  ultraviolet  spectrophotometry  (29).  Specimen 
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collection  procedures  were  approved  by  the  Loma  Linda  University  School  of  Medicine 
Internal  Review  Board. 

TRAP  Assay 

Each  specimen  was  assayed  for  telomerase  activity  using  supernatant  fluid  samples 
(1  pi)  and  aliquots  of  the  CHAPS  protein  extract  of  the  pellet  that  contained  6  pg  protein. 
An  aliquot  of  CHAPS  protein  extract  of  PC-3  cells,  containing  6  pg  of  protein 
corresponding  to  approximately  3,000  PC-3  cells,  was  assayed  along  with  specimen 
samples  as  a  positive  control.  An  identical  aliquot  inactivated  by  heat  (85  °C  for  15  min) 
or  by  exposure  to  RNase  A  (0.2  pg/pl  at  37  °C  for  30  min)  was  assayed  as  a  negative 
control.  CHAPS  lysis  buffer  was  also  used  as  a  negative  control.  Aliquots  of  PC-3  cell 
extracts  corresponding  to  1,000,  100, 10,  and  1  cells  were  assayed  to  standardize  the 
telomerase  activity  and  estimate  how  much  telomerase  was  present  in  each  specimen. 

The  TRAP  assay  for  telomerase  activity  was  performed  as  described  by  Kim  et  al. 
(18)  with  minor  modifications.  In  brief,  an  appropriate  aliquot  of  either  a  prostatic 
specimen  or  a  protein  extract  of  PC-3  cells  was  assayed  in  50  pi  of  reaction  mixture 
containing  50  pM  deoxynucleotide  triphosphates,  0.1  pg  of  TS  primer  (5'- 
AATCCGTCGAGCAGAGTT-3'),  2  Units  of  Taq  polymerase,  1  pi  of  [a-32P]dCTP  (10 
mCi/ml,  3,000  Ci/mmol),  20  mM  Tris-HCl  (pH  8.3),  1.5  mM  MgCl2,  63  mM  KC1, 1  mM 
EGTA,  0.005%  Tween-20  in  a  0.5  ml  tube  that  contained  0.1  pg  of  CX  primer  (5- 
CCCTTACCCTTACCCTTACCCTAA-3')  sequestered  at  the  bottom  of  the  0.5  ml  tube  by 
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a  wax  barrier  (Ampliwax,  Perkin  Elmer,  Foster  City,  CA).  After  45  min  of  incubation  at 
room  temperature,  the  reaction  mixture  was  subjected  to  34  PCR  cycles  consisting  of  94 
°C  for  30  s,  50  °C  for  30  s,  and  72  °C  for  90  s.  The  PCR  product  was  then  subjected  to 
electrophoresis  on  a  10%  nondenaturing  polyacrylamide  gel,  dried,  and  exposed  to  X-ray 
film,  or  developed  in  a  Bio-Rad  Molecular  Imager  in  conjunction  with  the  Molecular 
Analyst  software  (Bio-Rad  Laboratories,  Hercules,  CA).  Typical  products  of  telomerase 
activity  were  shown  by  the  6-bp  ladder  bands  starting  from  40  bp.  Telomerase  activity  was 
graded  on  a  scale  of  0  to  3  (0,  no  activity;  3,  highest  activity).  The  following  standards 
were  used  to  judge  a  sample  telomerase  positive:  (1)  the  presence  in  a  sample  lane  of  more 
than  four  bands  of  the  6-bp  telomerase  repeat,  which  could  be  eliminated  by  either  RNase 
A  or  heat,  and  (2)  repetition  of  the  result  with  two  or  more  repeat  samplings. 

Statistical  analysis 

Statistically  significant  differences  were  evaluated  by  means  of  the  chi-square  test. 
P  values  less  than  or  equal  to  0.05  were  considered  statistically  significant. 

RESULTS 

In  agreement  with  previously  reported  data  (24),  substantial  telomerase  activity 
was  observed  in  lysates  of  the  PC-3  human  prostate  cancer  cell  line.  In  a  serial  dilution 
study  of  the  PC-3  CHAPS  lysate,  telomerase  activity  could  be  detected  in  a  protein  extract 
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corresponding  to  as  little  as  one  PC-3  cell  when  using  a  34-PCR  cycle  (Fig.  1),  confirming 
the  high  sensitivity  of  this  assay  system  to  detect  telomerase  activity  in  immortal  cells. 

Telomerase  activity  was  detected  in  supernatant  fluid  and/or  pellet  extract  of 
specimens  obtained  from  25  of  30  PCa  patients  (83%),  whereas  no  activity  was  similarly 
detectable  in  specimens  taken  from  8  of  9  patients  (89%)  with  either  a  normal  prostate 
gland  or  BPH  (Table  1).  The  telomerase  signals  from  the  CHAPS  protein  extracts  of  the 
pellets  were  stronger  than  those  from  the  supernatant  fluids  (Fig.  2).  The  telomerase 
ladder  obtained  from  most  of  the  prostate  fluid  specimens  suggested  that  each  assayed 
aliquot  contained  the  telomerase  equivalent  of  approximately  10  PC-3  cancer  cells  (Fig.  1 
and  Fig.  2).  The  positive  rate  (80%)  from  the  CHAPS  extracts  of  the  pellets  was 
significantly  higher  than  that  (53%)  from  the  supernatant  fluids  (Table  1).  Furthermore,  in 
some  specimens  the  telomerase  activity  was  increased  after  heating  at  85  °C  for  1 5  min 
(Fig.  2,  lanes  3, 7),  while  in  other  specimens  the  telomerase  activity  was  diminished  but 
could  not  be  abolished  by  such  heating  (Fig.  2,  lane  1).  This  is  in  contrast  to  the  effect  of 
heating  a  CHAPS  extract  of  PC-3  cells  to  85  °C  for  15  min,  which  essentially  eliminates 
telomerase  activity  (Fig.  2,  lane  11).  This  phenomenon  was  further  investigated  by 
heating  the  aliquots  of  protein  extract  from  a  prostate  cancer  patient  specimen  to  85  °C  for 
60,  1 5,  and  5  min  and  then  determining  the  amount  of  telomerase  activity  that  remained 
after  the  heat  treatment  (Fig.  3,  lanes  2,  3, 4).  Telomerase  activity  was  still  detectable  after 
an  hour  at  85  °C.  A  double  pretreatment  was  performed  which  involved  heating  at  85  °C 
for  15  min  followed  by  exposure  to  RNase  A  (0.2  pg/pl)  for  30  min  at  37°C  (Fig.  3,  lane 
1).  No  telomerase  activity  was  detectable  in  the  specimens  pretreated  with  both  heat  and 
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RNase  A.  Our  results  suggest  that  a  heat-pretreatment  is  not  always  an  appropriate 
negative  control  for  telomerase  activity  in  prostatic  fluid  specimens.  On  the  contrary, 
heat-pretreatment  of  some  of  the  specimens  improves  the  ability  to  detect  telomerase 
activity. 

We  also  analyzed  the  relationship  between  telomerase  activity  in  the  prostatic  fluid 
specimens  and  the  PSA  values  of  patients,  and  found  that  telomerase  activity  had  a  strong 
correlation  with  the  PSA  levels  (Table  2A).  Patients  with  PSA  values  >4  ng/ml  had 
telomerase  activity  in  their  prostatic  fluid  specimens  84%  of  the  time,  while  only  29%  of 
the  patients  with  PSA  values  <4  ng/ml  had  telomerase  activity  in  their  prostatic  secretions. 
Using  this  comparison,  the  positive  predictive  value  (PPV)  of  the  TRAP  assay  for  an 
elevated  PSA  was  84%. 

Telomerase  activity  was  also  correlated  with  the  Gleason  scores  of  PCa  patients 
(Table  2B).  Telomerase  activity  could  be  detected  in  85%  of  prostatic  fluid  specimens 
from  PCa  patients  with  Gleason  scores  >4,  and  half  of  PCa  patients  with  Gleason  scores 
<4  also  had  telomerase  activity  in  their  prostatic  fluid  specimens.  Using  the  Gleason  score 
of  4  as  the  dividing  point  for  these  two  groups  produced  a  PPV  of  92%  for  the  higher 
group. 

DISCUSSION 


Since  the  development  of  the  TRAP  assay  by  Kim  et  al.  (18),  telomerase  activity 
has  been  detected  in  a  wide  variety  of  malignant  tumors,  including  prostate  cancer  (18,19). 
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Therefore,  telomerase  shows  promise  as  a  cancer  marker.  Telomerase  activity  is 
detectable  in  surgically  collected  tissue  specimens  from  PCa  patients,  indicating  that  the 
TRAP  assay  can  be  used  as  a  diagnostic  tool  for  PCa  (24-27).  However,  telomerase 
detection  in  nonsurgically  obtained  body  fluids,  such  as  prostatic  fluid,  would  likely  be 
more  practical  for  the  diagnosis  of  prostate  cancer  because  of  easier  patient  compliance 
and  lower  expense. 

Clinically,  prostatic  adenocarcinoma  arises  in  the  acinar  and  proximal  ductal 
epithelium  of  the  prostate  gland  and  accounts  for  over  95%  of  prostatic  cancers  (30). 
Prostatic  fluid  contains  proteases,  lipids,  metal  ions  and  amines  secreted  daily  from  acinar 
cells  of  the  prostate  gland  (31).  Furthermore,  a  few  exfoliated  cells  from  the  prostate  and 
telomerase  from  those  cancer  cells  might  be  in  prostatic  fluid.  Telomerase  activity  has 
been  detected  in  exfoliated  cells  present  in  urine  from  bladder  carcinoma  patients  (32,33), 
as  well  as  in  colonic  luminal  washings  from  colon  carcinoma  patients  (34). 

The  present  study  focuses  on  determining  the  diagnostic  value  of  the  TRAP  assay 
applied  to  prostatic  fluid  specimens.  More  than  80%  of  30  PCa  patients  showed  positive 
telomerase  activity  in  their  specimens.  The  PPV  for  prostate  cancer  was  96%.  Almost 
90%  of  the  normal  and  BPH  patients  were  negative  for  telomerase  activity.  These  results 
indicate  that  telomerase  activity  in  prostatic  fluid  is  a  useful  diagnostic  marker  for  prostate 
cancer.  The  pellets  from  centrifuged  fresh  prostatic  fluid  specimens,  which  probably 
contain  exfoliated  cancer  cells,  were  shown  to  be  better  for  detecting  telomerase  activity 
than  supernatant  fluids. 

Telomerase  is  a  ribonucleoprotein  enzyme  whose  activity  depends  on  both  its  RNA 
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and  protein  components.  Numerous  data  have  shown  that  its  activity  can  be  eliminated  by 
a  pretreatment  with  either  RNase  A  or  heat  (10,1 1 ).  However,  the  results  from  some 
specimens  showed  that  the  telomerase  activity  could  be  increased  after  heat-pretreatment. 

In  other  specimens,  the  telomerase  signals  became  weakened,  but  could  not  be  totally 
abolished  by  pre-heating.  This  hints  that  inhibitors  of  telomerase  are  present  in  pure 
prostatic  fluid  specimens  which  bind  tightly  to  the  telomerase  enzyme.  Heat  pretreatment 
appears  to  be  inactivating  the  inhibitors  rather  than  inactivating  telomerase. 

Serum  PSA  is  commonly  used  as  a  marker  for  prostate  cancer.  In  general,  the 
higher  the  PSA  level,  the  greater  is  the  likelihood  of  an  advanced  pathologic  stage  (35). 
Serum  PSA  level  has  been  found  to  correlate  with  tumor  volume  and  is  an  important 
predictor  of  tumor  progression  and  prognosis  (36).  In  this  study,  we  demonstrated  that 
telomerase  activity  is  highly  correlated  with  PSA  levels.  In  addition,  we  showed  that  a 
strong  correlation  exists  between  the  presence  of  telomerase  and  a  Gleason  score  greater 
than  4.  Therefore,  the  detection  of  telomerase  in  prostatic  fluid  appears  to  serve  as  a 
prognostic  marker  as  well  as  a  diagnostic  marker  for  prostate  cancer.  In  our  study,  96%  of 
patients  who  showed  positive  telomerase  activity  in  their  prostatic  fluid  specimens  also 
had  prostate  cancer.  In  contrast,  only  about  35%  of  males  with  serum  PSA  levels  above  4 
ng/ml  are  found  to  have  prostate  cancer  (37).  Therefore,  the  presence  of  telomerase  in 
prostatic  fluid  is  a  more  specific  marker  than  serum  PSA  for  diagnosing  prostate  cancer. 

In  conclusion,  the  PCR-based  TRAP  assay  was  sensitive  enough  to  detect 
telomerase  activity  in  prostatic  fluid.  Telomerase  activity  was  detectable  in  more  than 
80%  of  prostatic  fluid  specimens  obtained  from  prostate  cancer  patients,  but  it  was  not 
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detectable  in  close  to  90%  of  specimens  taken  from  prostate-normal  or  BPH  patients.  The 
prostatic  fluid  specimens  can  be  collected  easily  and  with  minimal  discomfort  or  risk  to 
patients.  The  ability  to  detect  telomerase  activity  in  those  specimens  strongly  suggests 
that  the  TRAP  assay  of  prostatic  fluid  has  the  potential  of  playing  a  key  role  in  the  clinical 
diagnosis  of  prostate  cancer. 
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Table  1 .  Diagnostic  significance  of  telomerase  activity  in  prostatic  fluid  specimens  from  a  hospital-based 
patient  population. 


Carcinoma 

Sample 
Source  * 

Telomerase  Activity 

Positive  Negative  Total  (n) 

Sensitivity 

Specificity 

Positive 

Predictive 

Value 

PF 

Present 

Sup 

16 

14 

30 

53%  (16/30)  O 

E 

24 

6 

30 

80%  (24/30)  © 

Total  (n) 

25  ©O 

5© 

30 

83%  (25/30) 

Absent 

Sup 

0 

9 

9 

E 

1 

8 

9 

Total  (n) 

i©o 

8© 

9 

89%  (8/9) 

Total  (n) 

26 

13 

39 

96%  (25/26) 

*  Sup,  supernatant  fluids;  E,  CHAPS  extracts  from  the  pellets. 
©,  ©,  ©,  ©:  Significantly  different  from  each  other  (P  <0.05). 


Table  2.  The  correlation  of  either  PSA  value  (A)  or  Gleason  score  (B)  with  telomerase  activity  in  prostatic  fluid 
specimens  from  a  hospital-based  patient  population. 


Telomerase  Activity  Positive 

Predictive 


Positive 

Negative 

Total  (n) 

Sensitivity 

Specificity 

Value 

>4 

21  O© 

4© 

25 

84%  (21/25) 

A 

PSA  Value  * 

<4 

4  @  © 

10© 

14 

71%  (10/14) 

Total  (n) 

25 

14 

39 

84%  (21/25) 

>4 

22  0© 

4© 

26 

85%  (22/26) 

Gleason 

B 

Score 

<4 

2© 

2 

4 

50%  (2/4) 

Total  (n) 

24 

6 

30 

92%  (22/24) 

*  The  normal  range  of  serum  PSA  value  is  equal  to  or  less  than  4  ng/ml. 
©,  ©,  ©,  ©,  Significantly  different  from  each  other  (P  <0.05). 


Figure  Legends 

Fig.  1.  Telomerase  activity  in  PC-3  cells,  a  human  prostate  cancer  cell  line.  Lanes  1-4, 
telomerase  activity  in  serial  dilutions  of  CHAPS  extract,  1000, 100, 10,  and  1  cell 
equivalents,  respectively;  lane  5,  lysis  buffer;  lane  6,  CHAPS  extract,  1000  cell 
equivalents,  pretreated  with  heat. 

Fig.  2.  Telomerase  activity  in  prostatic  fluid  specimens  from  two  PCa  patients  (A,  B)  with 
the  addition  of  protease  inhibitors.  Lanes  1-4,  specimen  A;  lanes  5-8,  specimen  B;  lane  9, 
lysis  buffer;  lanes  10, 1 1 ,  CHAPS  extract  of  PC-3  cells  (6  pg  protein),  without  or  with 
heat  pretreatment,  respectively.  Supernatant  fluid  (1  pi),  lanes  1,  2,  5,  6;  CHAPS  extract 
of  the  pellet  (6  pg  protein),  lanes  3, 4,  7,  8.  Heat  pretreatment,  lanes  1,  3,  5,  7;  no  heat 
pretreatment,  lanes  2, 4,  6,  8. 

Fig.  3.  Effect  of  varying  durations  of  heat  pretreatment  on  telomerase  activity  in  the 
CHAPS  extract  of  a  specimen  pellet.  Lane  1,  an  aliquot  (6  pg  protein)  preheated  at  85  °C 
for  15  min  followed  by  RNase  A  pretreatment  at  37  °C  for  30  min;  lanes  2,  3,  4,  aliquots 
(6  pg  protein  each)  preheated  at  85  °C  for  60  min,  15  min,  and  5  min,  respectively;  lane  5, 
an  aliquot  (6  pg  protein)  without  heat  pretreatment;  lane  6,  lysis  buffer;  ianes  7,  8,  CHAPS 
extract  of  PC-3  cells  (6  pg  protein),  without  or  with  heat  pretreatment,  respectively. 
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FIGURE  2 
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ABSTRACT 


Human  telomerase  acts  to  maintain  functioning  telomeres,  which  are  required  for  cellular 
immortality  and  very  likely  for  cancer  progression.  Telomerase  activity  is  present  in  about  85% 
of  human  cancers  tested,  but  it  has  not  been  found  in  most  normal  human  somatic  cells  and 
tissues.  We  report  here  the  use  of  the  Telomeric  Repeat  Amplification  Protocol  for  detection  of 
telomerase  activity  in  sextant  needle  biopsy  specimens  collected  clinically  from  human  prostate 
glands.  Telomerase  activity  was  found  in  one  or  more  specimens  from  41  of  45  prostate  cancer 
patients  (91%),  but  was  absent  in  all  specimens  from  7  of  8  cancer- free  patients  (88%).  Further 
analysis  showed  that  poorly  differentiated  cancers  with  higher  Gleason  scores  were  always 
associated  with  a  higher  rate  of  telomerase  detection  and  stronger  telomerase  activity.  Moreover, 
comparison  of  telomerase  activity  with  the  volume  of  cancer  in  the  needle  cores  showed  that 
stronger  activity  was  positively  correlated  with  a  higher  cancer  volume.  Thus,  the  progression  of 
prostate  cancer  and  the  expression  of  telomerase  appear  to  be  linked,  indicating  that  telomerase 
activity  can  be  considered  a  prognostic  marker  as  well  as  a  diagnostic  marker  for  prostate  cancer. 


INTRODUCTION 


Telomeres  are  specialized  DNA-protein  structures  at  the  ends  of  eukaryotic  chromosomes 
that  normally  function  in  the  protection,  positioning,  and  replication  of  chromosomes  (1-3).  The 
“end  replication  problem”  causes  telomere  shortening  in  normal  human  somatic  cells  after  each 
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cell  division.  However,  the  telomere  hypothesis  of  cell  aging  and  immortalization  (4-6)  suggests 
that  mutations  of  tumor  suppressor  genes  or  other  genes  may  in  time  induce  the  formation  of  a 
cell  clone  that  has  escaped  from  cell  crisis  by  activating  telomerase  and/or  other  mechanisms  to 
maintain  telomere  integrity  and  thereby  become  immortal. 

Telomerase  as  an  RNA-dependenl  DNA  polymerase,  or  reverse  transcriptase,  is  a 
ribonucleoprotein  complex  capable  of  synthesizing  the  telomeric  repeat  sequence  using  its  own 
RNA  subunit  as  a  template  (7,  8).  Telomerase  activity  is  delectable  in  approximately  85%  of 
human  cancers,  but  is  not  found  in  most  human  somatic  cells  and  tissues  (9-1 1).  This  suggests 
that  telomerase  activity  should  be  assayed  as  a  marker  for  the  diagnosis  of  human  cancer. 
Furthermore,  the  presence  of  telomerase  activity  in  some  tumors  is  correlated  with  clinical 
outcome,  suggesting  that  telomerase  activity  could  be  useful  as  a  prognostic  indicator  (12-15). 

Prostate  needle  core  biopsy  has  been  well  developed  and  is  one  of  the  most  favored 
methods  for  obtaining  diagnostic  material  from  the  prostate  gland  (16).  In  the  present  study, 
sextant  needle  biopsies  from  radical  retropubic  prostatectomy  (RRP)  specimens  were  collected 
and  assayed  by  the  PCR-based  TRAP  to  determine  telomerase  activity  with  the  objective  of 
evaluating  the  assay  as  a  mini-invasive  diagnostic  tool  for  prostate  cancer  detection. 

MATERIALS  AND  METHODS 

Cell  Culture  and  CHAPS  Protein  Extraction 

The  human  prostate  cancer  cell  line  PC-3  was  obtained  from  the  ATCC  (Rockville,  MD) 
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and  grown  in  RPMI  1 640  medium  supplemented  with  10%  new-born  calf  serum.  The  cells  were 
harvested  when  90%  confluent  using  trypsin.  After  the  cells  were  collected  by  centrifugation, 
the  cell  pellet  was  washed  twice  with  cold  phosphate-buffered  saline,  resuspended  in  ice-cold 
Buffer  A  [10  mM  HEPES-KOH  (pH  7.5),  1.5  mM  MgCl2,  10  mM  KC1,  1  mM  dithiothreitol],  and 
recentrifuged.  The  pellet  was  lysed  in  Buffer  B  (Lysis  Buffer)  [0.5%  3-(3-cholamidopropyl- 
dimethylammonio)-l-propanesulfonate  (CHAPS),  5  mM  P-mercaptoethanol,  0.1  mM 
phenylmethanesulfonyl  fluoride  (PMSF),  10%  glycerol,  10  mM  Tris-HCl  (pH  7.5),  1  mM 
MgCl2]  for  30  min  on  ice.  The  lysate  was  centrifuged  at  16,000  x  g  for  20  min  at  4  °C.  Aliquots 
of  the  supernatant  fluid  were  immediately  stored  at  -80  °C.  The  protein  concentration  was 
determined  by  ultraviolet  spectrophotometry  (17). 

Collection  of  Sextant  Needle  Biopsies  from  Radical  Retropubic  Prostatectomy  Specimens 

Prostate  tissue  specimens  were  collected  from  the  prostates  of  patients  undergoing  RRP 
or  transurethral  resection  of  the  prostate  (TURP).  These  included  291  needle  biopsy  specimens 
from  45  prostate  cancer  (PCa)  patients,  as  well  as  12  sextant  needle  biopsy  and  6  TURP 
specimens  from  8  patients  with  no  evidence  of  PCa  or  other  kinds  of  cancer.  Using  a  Biopty  gun 
with  an  18-gauge  cutting  needle  (C.R.  Bard,  Inc.,  Covington,  GA),  needle  cores  were  obtained 
from  6  regions  and  from  an  occasional  nodule  of  the  posterior  prostate  once  the  prostate  was 
removed  by  RRP.  The  needle  cores  were  kept  on  ice  approximately  30  min  until  they  could  be 
frozen  at  -80  °C.  The  frozen  biopsied  needle  core  was  soaked  in  a  5X  volume/weight  of  CHAPS 
lysis  buffer,  homogenized  on  ice  in  a  Kontes  tube,  and  then  extracted  for  protein  as  described 
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above.  The  protein  concentration  was  determined  by  ultraviolet  spectrophotometry  (17). 

Aliquots  were  kept  frozen  at  -80  °C  until  assayed.  Specimen  collection  was  approved  by  the 
Loma  Linda  University  School  of  Medicine  Internal  Review  Board. 

TRAP  Assay 

Two  aliquots  of  the  CHAPS  extract  (0.6  pg  protein  each)  from  each  specimen  were  used 
in  the  TRAP  assay.  One  of  them  was  pretreated  with  RNase  A  (0.2  pg/pl  at  37  °C  for  30  min)  to 
serve  as  a  telomerase-specific  negative  control.  Aliquots  of  the  PC-3  CHAPS  extract, 
corresponding  to  approximately  3,000  cells  and  containing  6  pg  protein,  were  assayed  as  a 
positive  control,  or  as  a  negative  control  by  inactivating  the  extract  with  RNase  A  (0.2  pg/pl  at 
37  "C  for  30  min).  CHAPS  lysis  buffer  was  also  used  as  a  negative  control.  To  standardize  the 
telomerase  activity  and  estimate  how  much  telomerase  was  present  in  each  specimen,  aliquots  of 
PC-3  cell  extracts  corresponding  to  3,000,  300,  30,  and  3  cells  were  assayed. 

The  TRAP  assay  was  performed  as  described  (9)  with  minor  modifications.  In  brief,  an 
appropriate  aliquot  of  the  CHAPS  extract  of  either  a  prostate  needle  core  or  PC-3  cells  was 
assayed  in  50  pi  of  reaction  mixture  containing  50  pM  dNTPs,  0.1  pg  of  TS  primer  (5'- 
AATCCGTCGAGCAGAGTT-3'),  2  Units  oiTaq  polymerase,  1  pi  of  [a-32P]dCTP  (10  mCi/ml, 
3,000  Ci/mmol),  20  mM  Tris-HCl  (pH  8.3),  1.5  mM  MgCl2,  63  mM  KC1,  1  mM  EGTA,  0.005% 
Tween-20,  and  an  aliquot  of  the  CHAPS  extract  in  a  0.5  ml  tube  that  contained  0.1  pg  of  CX 
primer  (5’-CCCTTACCCTTACCCTTACCCTAA-3')  sequestered  at  the  bottom  of  the  0.5  ml 
tube  by  a  wax  barrier  (Ampliwax,  Perkin  Elmer,  Foster  City,  CA).  After  30  min  of  incubation  at 
room  temperature,  the  reaction  mixture  was  subjected  to  30  PCR  cycles  consisting  of  94  °C  for 
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30  s,  50  nC  for  30  s,  and  72  °C  for  90  s.  The  PCR  product  was  then  subjected  to  electrophoresis 
on  a  10%  nondenaturing  polyacrylamide  gel,  dried,  and  exposed  to  X-ray  film,  or  developed  in  a 
Bio-Rad  Molecular  Imager  in  conjunction  with  the  Molecular  Analyst  software  (Bio-Rad 
Laboratories,  Hercules,  CA).  Typical  products  of  telomerase  activity  were  shown  by  the  6-bp 
ladder  bands  starting  from  40  bp.  Telomerase  activity  was  graded  on  a  scale  of  (-)  to  (+++)  [(-), 
negative;  (+++),  strongly  positive].  The  following  standards  were  used  to  judge  a  sample 
telomerase  positive:  ( 1 )  the  presence  in  a  sample  lane  of  more  than  four  bands  of  the  6-bp 
telomerase  repeat,  which  could  be  eliminated  by  either  RNase  A  or  heat,  and  (2)  repetition  of  the 
result  with  two  or  more  repeat  samplings. 

Statistical  Analysis 

Statistically  significant  differences  and  associations  were  evaluated  by  means  of  the  chi- 
square  test.  P  values  less  than  or  equal  to  0.05  were  considered  statistically  significant. 


RESULTS 


In  agreement  with  previously  reported  data  (18),  substantial  telomerase  activity  was 
observed  in  lysates  from  PC-3  cells.  In  a  serial  dilution  study  of  the  PC-3  CHAPS  extract, 
telomerase  activity  could  be  detected  in  a  protein  extract  corresponding  to  as  few  as  three  PC-3 
cells  when  using  a  regular  30-PCR  cycle  (Fig.  2,  lanes  14-17),  confirming  the  high  sensitivity  of 
the  assay  system  to  detect  telomerase  activity  in  immortal  cells.  The  results  from  this  dilution 
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study  were  employed  as  a  standard  of  comparison  to  evaluate  the  relative  telomerase  activity  in 
the  clinical  specimens. 

Telomerase  assay  was  performed  on  sextant  needle  biopsy  specimens  from  each  excised 
prostate  gland.  The  results  not  only  showed  which  needle  core  had  positive  telomerase  activity, 
but  also  indicated  the  presence  and  location  of  cancer  cells  in  the  prostate  gland  (Fig.  1).  As  seen 
in  Figure  1A,  lanes  10  and  12,  the  prostate  cancer  is  localized  to  the  left  mid  section  (LM)  and 
left  apex  (LA)  of  this  particular  patient’s  prostate.  The  cancerous  region  is  further  illustrated  in 
Figure  IB. 

Telomerase  activity  was  detected  in  at  least  one  needle  biopsy  specimen  from  41  of  45 
PCa  patients  (91%)  (P  <0.001),  but  was  absent  in  specimens  from  7  of  8  noncancerous  patients 
(88%)  (P  <0.001)  (Table  l).  In  the  patient  group,  the  positive  predicative  value  (PPV)  for 
prostate  cancer  was  98%,  while  the  negative  predictive  value  (NPV)  for  the  absence  of  prostate 
cancer  was  64%.  In  the  specimen  group,  88  of  98  specimens  (90%)  containing  cancer  cells, 
confirmed  by  histopathological  examination,  showed  positive  telomerase  activity  (P  <0.001), 
whereas  102  of  130  specimens  (78%)  with  histopathologically  confirmed  absence  of  cancer  cells 
were  telomerase  negative  (P  <0.001)  (Table  1).  The  PPV  was  76%,  while  the  NPV  was  91%. 

For  histopathological  examination,  24  sextant  needle  cores  from  4  PCa  patients  were 
subjected  to  extra  multiple  slide-cutting  for  each  specimen.  The  volumes  of  cancerous  tissue  on 
80  slides  were  estimated.  These  volumes  were  compared  with  telomerase  activity  in  needle  cores 
from  the  same  area  (Table  2).  Low  cancer  volumes  on  the  slides  from  the  needle  cores  were 
statistically  associated  with  relatively  weak  telomerase  activity,  while  stronger  activity  was 
usually  found  in  the  needle  cores  with  high  cancer  volume.  The  statistically  significant 
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correlation  between  telomerase  activity  and  a  given  volume  of  cancer  (. P  <0.05)  suggests  that 
relative  telomerase  activity  indicates  the  volume  of  prostate  carcinoma. 

The  relationship  between  telomerase  activity  and  Gleason  score  (Gs)  was  also  examined. 
Telomerase  activity  was  present  in  12  of  36  needle  core  specimens  (33%)  from  patients  with  well 
differentiated  PCa  (Gs  2  to  4),  1 16  of  210  specimens  (55%)  from  moderately  differentiated 
cancers  (Gs  5  to  7),  and  19  of  24  specimens  (79%)  from  poorly  differentiated  cancers  (Gs  8  to 
10)  (Table  3).  Telomerase  activity  in  needle  cores  was  statistically  correlated  with  the  Gs  (P 
<0.01).  The  average  telomerase-positive  needle  cores  per  patient  in  different  Gs  groups  were 
calculated  for  270  needle  cores  from  45  PCa  patients.  One  needle  core,  on  average,  showed 
telomerase-positive  activity  in  the  Gs  2  group,  2.2  in  the  Gs  4  group,  2.7  in  the  Gs  5  group,  3.4  in 
the  Gs  6  group,  3.6  in  the  Gs  7  group,  4  in  the  Gs  8  group,  and  5  in  Gs  groups  9  and  10. 
Furthermore,  average  needle  cores  that  showed  telomerase-positive  activity  in  low-grade  tumors 
were  2  (Gs  2-4),  3.3  in  intermediate-grade  tumors  (Gs  5-7),  and  4.8  in  high-grade  tumors  (Gs  8- 
10)  (Fig.  2).  Thus,  the  number  of  needle  cores  with  telomerase  activity  increased  with  higher 
Gleason  scores. 

DISCUSSION 


The  high  percentages  of  sensitivity  and  specificity  found  in  the  data  from  the  patient 
group  or  the  specimen  group  (Table  1)  indicates  that  telomerase  activity  is  a  promising 
diagnostic  marker  for  prostate  cancer.  A  patient  was  scored  as  positive  for  telomerase  if  at  least 
one  of  the  sextant  needle  biopsy  specimens  was  telomerase-positive.  This  definition  may 


contribute  to  the  finding  that  PPV  was  relatively  higher  than  NPV  in  the  patient  group  compared 
to  the  specimen  group.  It  could  further  imply  that  collecting  multiple  needle  biopsy  specimens 
from  six  regions  of  the  prostate  gland  increased  the  probability  of  obtaining  tumor  tissue  positive 
for  lelomerase  activity,  which  would  signal  the  presence  of  cancer  in  a  patient.  One  of  the 
sextant  needle  cores  from  a  high  PIN  patient  among  8  noncancerous  patients  showed  weak 
positive  lelomerase  activity,  suggesting  that  this  prostate  contained  a  localized  and  pathologically 
undetected  cancer  (19).  This  result  was  consistent  with  data  previously  published,  showing  that 
telomerase  activity  can  be  detected  in  a  low  percentage  (14%)  of  premalignant  tumor  tissues  (10, 
11). 

We  found  that  10%  of  histopathologically  confirmed  cancerous  specimens  were 
telomerase  negative,  whereas  22%  of  confirmed  noncancerous  specimens  showed  positive 
activity.  The  lack  of  telomerase  activity  in  a  region  of  a  prostate  gland  that  was 
histopathologically  diagnosed  as  containing  cancer  cells  could  be  explained  by  sampling  target 
error  in  obtaining  a  needle  core.  On  the  other  hand,  the  presence  of  telomerase  activity  in  a 
region  of  a  prostate  gland  that  was  histopathologically  diagnosed  as  being  cancer-free  could  be 
explained  by  the  fact  that  some  premalignant  lesions,  i.e.  PINs,  do  have  telomerase  activity  (19). 
Another  possibility  is  that  a  small  number  of  undetected  infiltrating  cancerous  cells  in  some 
needle  biopsy  specimens  with  normal  phenotypes  may  have  been  responsible  for  weak  positive 
telomerase  activity,  since  the  TRAP  assay  is  sensitive  enough  to  detect  telomerase  activity  in 
only  a  few  cancerous  cells.  Finally,  inhibitors  of  Taq  polymerase  may  exist  in  some  specimens, 
causing  false-negative  results. 

Based  on  Gleason  scores,  prostate  cancer  can  be  classified  into  three  groups:  well 


differentiated  (Gs  2  to  4),  moderately  differentiated  (Gs  5  to  7),  and  poorly  differentiated  (Gs  8  to 
10)  (20).  Previous  studies  revealed  that  the  Gs  is  tightly  correlated  with  the  prognosis  of  prostate 
cancer  and  with  the  cancer  volume  in  the  patient  (21).  Our  results  indicated  that  relative 
teloinerase  activity  is  statistically  associated  with  the  volume  of  histopathologically-confirmed 
piostatc  cancer,  suggesting  that  a  prostate  gland  with  a  large  cancer  volume  also  has  a  greater 
level  of  telomerase  activity  (Table  2).  However,  low  telomerase  activity  was  often  seen  in  the 
specimens  with  relatively  high  cancer  volume.  The  explanation  could  be  that  the  lower 
telomerase  activity  may  reflect  cancers  that  are  more  differentiated  (22).  Telomerase  activity  in 
the  needle  cores  was  also  found  to  be  correlated  with  the  Gs  and  pathological  differentiation 
(Table  3),  in  agreement  with  data  previously  published  (23).  The  higher  the  incidence  of  cores 
with  positive  telomerase  activity,  the  higher  was  the  Gs  (Fig.  2).  These  results  confirm  the 
relationship  between  the  Gs  and  the  volume  of  cancer  (21).  Our  results  suggest  that  telomerase 
has  an  important  role  in  the  progression  of  prostate  carcinoma.  The  level  of  telomerase  activity 
appears  to  be  a  good  prognostic  marker  of  prostate  cancer. 

Clinically,  it  is  helpful  for  a  pathological  diagnosis  to  collect  multiple  needle  biopsy 
specimens,  such  as  sextant  needle  cores,  from  the  prostate  gland.  Although  we  procured  the 
needle  cores  for  our  study  from  excised  prostates,  the  results  obtained  provide  a  basis  for  clinical 
use.  We  conclude  that  testing  telomerase  activity  in  needle  biopsy  specimens  may  not  only  play 
an  important  role  in  the  diagnosis  of  prostate  cancer,  but  may  also  provide  added  pathological 
information  for  therapeutic  evaluation. 
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Table  1.  Telomerase  activity  in  prostate  needle  core  tissues 


Patient  group  1 

Specimen  group 

3 

Prostate  Carcinoma 

Present 

Absent 

Total  (n) 

Present 

Absent 

Total  (n) 

Positive 

41  O 

i  © 

42 

88© 

28© 

116 

Telomerase 

Activity 

Negative 

40 

7© 

ii 

10® 

102© 

112 

Total  (n) 

45 

8 

53 

98 

130 

228  2 3 

Sensitivity  (%) 

91 

90 

(41/45) 

(88/98) 

Specificity  (%) 

88 

78 

(7/8) 

(102/130) 

Positive  Predictive 

98 

76 

Value  (PPV)  (%) 

(41/42) 

(88/116) 

Negative  Predictive 

64 

91 

Value  (NPV)  (%) 

(7/11) 

(102/112) 

1  Patients  were  clinically  and  pathologically  diagnosed. 

2  210  sextant  needle  cores  from  35  PCa  patients  and  18  needle  cores  from  patients  without  PCa  or  other 
cancer-invasions  were  examined. 

3  Presence  or  absence  of  cancer  was  determined  by  histopathological  examination. 

O,  ©,  ©,  ©:  significantly  different  from  each  other  ( P  <0.001). 
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Table  2.  Comparison  of  telomerase  activity  with  histopatliologically  determined 
volume  of  cancer  in  prostate  needle  cores  O 


Volume  Distribution  of  Cancer  on  the  Slide  1 

in  Needle  core 

No  Cancer  Seen  <25% 

25%  -  50% 

>50% 

Total  (n) 

Negative  (-) 

10(50%) 

12(38%) 

4  (25%) 

0  (0%) 

26 

Weak  Positive  (+) 

6  (30%) 

13  (41%) 

7  (44%) 

5  (42%) 

31 

Positive  (++) 

4  (20%) 

5(16%) 

3  (19%) 

2  (17%) 

14 

Strong  Positive  (+++) 

0  (0%) 

2  (6%) 

2  (13%) 

5  (42%) 

9 

Total  (n) 

20 

32 

16 

12 

80 

1  The  number  of  slides  exhibiting  a  given  volume  of  cancer  (%  of  total  slides  for  each  given  volume^); 

O:  high  correlation  shown  between  the  relative  telomerase  activity  and  a  given  volume  of  cancer  (x  test,  P 
<0.05). 
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Table  3.  Correlation  of  Gleason  score  with  telomerase  activity  in  needle  core 
specimens  from  PCa  patients 


Telomerase  Activity 

Gleason  Scores 

Positive 

Negative 

Total  (n) 

2-4  1 

12  0(5) 

24(1) 

36  (6) 

No.  of 
Specimens 

5  -  7  2 

116  0(32) 

94(3) 

210(35) 

(Patients) 

8-  103 

19  0(4) 

5(0) 

24(4) 

Total  (n) 

147  (41) 

123  (4) 

270  (45) 4 

1  well  differentiated  adenocarcinoma; 

2  moderately  differentiated  adenocarcinoma; 

3  poorly  differentiated  adenocarcinoma; 

4  270  needle  cores  from  45  PCa  patients  were  analyzed. 

O:  high  correlation  shown  between  telomerase  activity  and  Gleason  scores  based  on 
information  from  needle  core  specimens  (x2  test,  P  <0.01). 
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Figure  Legends 

Fig.  1.  A.  Telomerase  activity  in  sextant  needle  core  specimens  from  a  PCa  patient.  Lanes  1 
and  2,  3  and  4,  5  and  6,  7  and  8,  9  and  10,  1 1  and  12,  CHAPS  extract  of  needle  cores  (0.6  pg 
protein)  from  RB  (right  base),  RM  (right  mid-section),  RA  (right  apex),  LB  (left  base),  LM  (left 
mid-section),  LA  (left  apex)  regions  of  prostate,  respectively;  lanes  1, 3,  5,  7,  9,  1 1,  CHAPS 
extract  (0.6  pg  protein)  with  RNase  pretreatment;  lane  13,  lysis  buffer;  lanes  14, 15,  16,  17,  serial 
dilutions  of  CHAPS  extract  of  PC-3  cells,  3000,  300,  30,  and  3  cell  equivalents,  respectively; 
lane  18,  CHAPS  extract  of  PC-3  cells,  3000  cell  equivalent,  pre-treated  with  RNase  A.  B. 

Outline  of  the  six  regions  of  the  posterior  prostate  with  possible  cancerous  regions.  Prostate 
cancer  mainly  occurred  in  LM  and  LA  based  on  the  results  above. 

Fig.  2.  Association  of  Gleason  score  (Gs)  with  number  of  needle  cores  with  positive  telomerase 
activity  in  PCa  patients.  Average  positive  needle  cores  per  patient  in  different  Gs  groups  were 
calculated  for  270  needle  cores  from  45  PCa  patients.  An  average  of  1.0  needle  core  shows 
positive  telomerase  activity  in  the  Gs  2  group,  2.2  in  the  Gs  4  group,  2.7  in  the  Gs  5  group,  3.4  in 
the  Gs  6  group,  3.6  in  the  Gs  7  group,  4  in  the  Gs  8  group,  and  5  in  the  Gs  9  group.  Furthermore, 
2  needle  cores  show  positive  activity  in  the  well  differentiated  cancer  group  (Gs  2-4),  3.3  in  the 
moderately  differentiated  cancer  group  (Gs  5-7),  and  4.8  in  the  poorly  differentiated  cancer  group 
(Gs  8-10). 
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1.  Introduction 

During  irradiation  energetic  charged  particles,  e.g.,  protons,  penetrate  living  tissues  and  lose 
their  energy  to  the  atoms  and  molecules,  leaving  them  in  an  excited  or  ionized  state.  Based  on 
fundamental  physics  principles,  it  has  long  been  known  that  this  energy  loss  is  discontinuous.  In 
particular,  energy  transfer  points  are  not  distributed  uniformly  along  the  particle  track  but  are 
clustered  on  the  nanometer  scale.  The  initial  distribution  of  energy  transfers  immediately  after 
the  irradiation  is  believed  to  be  very  important  for  the  subsequent  radiation-induced  chemical 
and  biological  effects,  and  if  one  wants  to  understand  the  mechanisms  of  the  biological  action  of 
radiation,  the  initial  conditions  of  this  complex  and  multistage  process  must  be  known.  At 
present,  the  only  tool  for  studying  distributions  of  energy  transfers  at  the  nanometer  level  is 
purely  theoretical  and  consists  of  full  simulation  of  particle  slowing  by  the  Monte  Carlo  method. 
Due  to  the  very  large  number  of  interactions,  the  processing  time  for  an  event-by-event  Monte 
Carlo  code  that  would  yield  results  such  as  energy  deposited  in  nanometer  volumes  with 
reasonable  accuracy  for  complex  radiation  fields  is  prohibitive.  Therefore,  it  is  necessary  to 
develop  suitable  experimental  techniques  that  permit  the  study  of  energy  transfer  statistics  in 
nanometer  volumes.  Our  research  project  is  a  multidisciplinary  effort,  which  aims  at  developing 
such  an  experimental  technique  by  measuring  ionizations  in  nanometer-equivalent  gas  volumes 
with  single-event  resolution.  We  call  such  a  detector  a  nanodosimeter.  The  major  goal  of  our 
project  is  to  develop  and  optimize  nanodosimetry  in  order  to  make  it  suitable  for  biomedical 
research  as  well  as  many  applications  in  medicine,  radiation  protection,  and  space  travel.  The 
research  is  conducted  by  the  Department  of  Radiation  Medicine  at  Loma  Linda  University  in 
close  collaboration  with  one  of  the  world’s  leading  radiation  detector  group  at  the  Weizmann 
Institute  of  Science  (WIS)  in  Israel  and  the  Division  of  Radiobiology  at  the  University  of 
California,  San  Diego  (UCSD).  In  December  of  1998,  the  National  Medical  Testbed  approved 
the  second  year  continuation  funding  of  our  project.  This  report  details  research  and  development 
work  accomplished  during  the  second  project  year  from  December  1998  to  December  1999. 

2.  Experimental  Methods 

2.1  Detector  Design  and  Experimental  Characterization 

The  new  nanodosimeter  is  based  on  the  ion-counting  nanodosimetric  technique  in  low- 
pressure  gases,  originally  suggested  by  Dr.  Shchemelinin  from  the  Weizmann  Institute  of 
Science  [1,2].  Figure  1  shows  the  conceptual  design  of  the  detector.  Ions  induced  by  ionizing 
radiation  in  a  gas  of  very  low  pressure  (approximately  1  Torr)  are  extracted  through  a  small 
aperture  and  then  accelerated  into  a  vacuum-operated  multiplier.  Experimental  results  obtained 
during  the  first  project  year,  using  a  provisional  experimental  set-up,  proved  the  feasibility  of  the 
ion  counting  technique  with  a  vacuum-operated  multiplier  and  demonstrated  the  possibility  of 
nanometer  spatial  resolution  [3,4]. 

It  is  important  to  know  the  equivalent  size  of  the  sensitive  volume  formed  inside  the 
nanodosimeter.  In  general,  the  volume  in  which  ionization  statistics  is  measured  should 
correspond  to  the  structures  of  biological  relevance.  It  is  generally  accepted  that  the  DNA  and  its 
associated  water  molecules  are  the  most  critical  radiobiological  targets.  This  means  that  the 
sensitive  volume  of  the  detector  must  have  a  diameter  of  a  few  nanometers.  Furthermore,  model 
calculations  performed  by  us,  which  were  based  on  Monte  Carlo  track  structure  data,  showed 
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that  energy  deposition  statistics  in  a  cylinder  of  2nm  diameter  and  16  nm  length,  corresponding 
to  a  47  base-pair  segment  of  the  DNA  molecule,  provides  the  biologically  most  relevant 
information  with  respect  to  radiation-induced  cell  death  in  mammalian  cells  [5]. 

In  our  nanodosimeter,  the  sensitive  volume  is  defined  as  the  gas  region  from  which  electric- 
field  extraction  of  the  positive  ions  produced  by  ionizing  radiation  is  possible  through  a  small 
aperture.  The  selected  ions  are  accelerated,  detected  and  counted  in  vacuum.  It  should  be  noted 
that  the  formation  of  the  sensitive  volume  in  this  way  avoids  the  use  of  solid  walls,  which  are 
known  to  distort  the  track  structure  [6,7].  The  arrival  time  of  the  ions  enables  localization  of  the 
Z  coordinate  of  the  ionization  event,  whereas  the  X,  Y  coordinates  are  determined  by  the 
aperture  location.  The  effective  lateral  size  of  the  sensitive  volume  is  determined  by  the  aperture 
size,  the  charge  diffusion  properties  of  the  gas,  and  electric  field  parameters.  Due  to  the  complex 
dependence  of  the  volume  size  and  shape  on  these  parameters,  a  technique  is  required  can 
determine  the  three-dimensional  spatial  distribution  of  the  ion  collection  efficiency  with 
submillimeter  precision. 

To  date,  we  have  developed  two  independent  methods  to  map  out  the  sensitive 
nanodosimetric  volume.  The  first  method  is  based  on  measured  ion  transport  parameters  and  a 
known  model  of  ion  diffusion  under  an  electric  field.  The  second  method,  originally  proposed  by 
our  collaborators  at  the  Weizmann  Institute,  is  based  on  direct  scanning  of  the  nanodosimeter 
ionization  cell  using  a  low-energy  proton  beam  (10  keV).  For  testing  of  this  method  the 
Weizmann  physicists  designed  and  built  a  special  version  of  the  nanodosimeter,  the  so-called 
“scanning  nanodosimeter”,  in  which  the  sensitive  volume  can  be  displaced  in  two  orthogonal 
directions  perpendicular  to  a  narrow  low-energy  proton  beam  [8]. 

The  first  version  of  the  nanodosimeter  for  beam  experiments  was  built  during  project  year  2 
at  the  Weizmann  Institute  of  Science.  Figure  2  shows  a  photograph  of  the  detector,  which  is  now 
installed  on  the  research  beam  line  of  the  Loma  Linda  proton  accelerator.  A  detailed  technical 
design  drawing  of  the  detector  is  presented  in  Figure  3.  Its  main  components  are  a  low-pressure 
gas-filled  ionization  chamber  equipped  with  a  scintillator  photo-multiplier  tube  (PMT) 
combination,  a  vacuum-operated  ion  counter,  and  a  built-in  a  source.  A  differential  pumping 
system,  consisting  of  two  turbo  pumps,  generates  the  pressure  gradient  between  the  gas-filled 
ionization  chamber  and  the  ion  counter.  The  nanodosimeter  can  measure  ionization  spectra  from 
two  principal  sources:  (1)  The  built-in  collimated  americium  source,  which  produces  high-LET 
alpha  particles  that  directly  traverse  the  sensitive  volume.  (2)  External  particle  beams,  in  our  case 
protons  produced  by  the  Loma  Linda  University  proton  accelerator,  which  enter  the  detector 
through  a  broad  entrance  window  and  traverse  most  of  the  gas-filled  detector  volume,  including 
the  sensitive  volume.  The  latter  set-up  simulates  the  broad  beam  configuration  typical  for 
biological  experiments. 

2.2  Data  Acquisition  System 

The  data  acquisition  (DAQ)  system  is  a  central  component  of  the  electronics  associated  with 
the  nanodosimeter  (see  Fig.  4).  We  have  designed  and  built  the  first  version  of  the  DAQ  system, 
and  have  implemented  the  required  front-end  electronics  for  triggering  the  DAQ  system.  The 
DAQ  system  provides  three  time-to-digit  conversion  real-time  data  streams,  which  are 
synchronized  to  the  time  structure  of  the  LLU  proton  beam.  An  additional  amplitude-to-digit 
conversion  data  stream  will  be  implemented  in  a  future  version  of  the  DAQ  system  during 
project  year  3. 
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The  first  data  stream  is  formed  by  the  start  signals  from  the  Loma  Linda  proton  accelerator, 
which  mark  the  beginning  of  each  300-ms  proton  spill  and  are  used  for  synchronizing  the  DAQ 
process  to  the  2.2  +/-  0.02  s  accelerator  cycle.  The  signals  from  this  data  stream  also  serve  as  a 
reference  time  tag  (t  =  0).  The  second  data  stream  provides  a  time  mark  for  the  arrival  of  primary 
protons  during  a  proton  spill,  as  well  as  information  on  the  time  structure  of  individual  proton 
spills.  It  should  be  noted  that  due  to  the  oscillating  spill  structure  of  the  LLU  proton  synchrotron 
(peak-to-valley  beam  intensity  ratio  up  to  10)  the  primary  particle  distribution  is  very  non- 
uniform.  The  third  data  stream  is  derived  from  the  signals  provided  by  the  vacuum-operated  ion 
counter  after  appropriate  front-end  electronic  conditioning.  This  data  stream  is  used  to  evaluate 
the  ion  drift  time,  the  spacing  of  individual  ionizations,  and  the  number  of  ionizations  per  event. 

We  chose  the  PCI  6602  and  PCI6023E  boards  from  the  National  Instruments  for  our  DAQ 
system.  The  PCI  6602,  a  timing  and  digital  I/O  module,  is  used  with  the  PCI  bus  of  a  PC- 
compatible  computer.  It  offers  eight  32-bit  counter  channels  and  up  to  32  lines  of  individually 
configurable  TTL/CMOS-compatible  digital  I/O.  With  the  6602  module,  the  DAQ  computer  acts 
as  a  system  timing  controller  and  event-time  measurement  instrument. 

The  fast  signals  from  the  front-end  electronics  of  the  nanodosimeter  are  fed  into  the  DAQ 
boards  through  an  interface  board  providing  fast  NIM  signal  conversion  to  TTL/CMOS  signals. 
An  additional  function  of  the  interface  board  is  to  prevent  a  false  signal  (e.g.,  noise  or 
cosmic/background  events)  transmission  during  the  accelerator  duty  cycles.  These  unwanted 
background  signals  would  distort  the  data  stream  timing  sequences  and  lead  to  data  corruption. 

We  have  written  application  software  for  the  DAQ  system  in  the  Visual  Basic  programming 
language.  It  utilizes  the  NI-DAQ  function  library  developed  by  National  Instruments  for  their 
DAQ  products.  For  the  large  amount  of  data  produced  by  the  nanodosimeter,  a  fast  and  efficient 
data  storage  algorithms  was  required,  which  manages  the  data  stream  transfer  to  the  DAQ 
computer  hard  disk  as  well  as  storage  of  all  collected  data  in  an  appropriate  format  on  large 
capacity  external  storage  media  (tape  or  CD). 

2.3  Biological  Assays 

It  is  generally  accepted  that  the  induction  and  reparability  of  DNA  damage  by  ionizing 
radiation  is  related  to  the  amount  of  local  energy  deposition  in  DNA  and  surrounding  water 
[9,10].  For  example,  double  strand  breaks  (DSBs),  which  result  when  at  least  two  individual 
DNA  strand  breaks  are  located  within  a  short  distance  (~10  nm)  on  opposite  strands,  require  at 
least  two  ionizations  within  or  adjacent  to  the  DNA  molecule.  Non-  or  misrepaired  DSBs  are 
considered  a  major  source  for  mutations  and  lethal  lesions.  Factors  that  may  influence  the 
reparability  of  DSBs  are  the  number  and  spacing  of  breaks  per  site  and  the  number  and  spacing 
of  additional  base  damages  adjacent  to  the  breaks.  Once  the  structure  of  irreparably  damaged 
sites  is  known,  it  should  be  possible,  in  principle,  to  predict  the  yield  of  such  lesions  from 
nanodosimetric  measurements  by  analyzing  the  number  and  spacing  of  ionizations  in  small 
volumes  simulating  DNA  and  its  surrounding  water  molecules. 

To  establish  a  relationship  between  ionization  clusters  measured  with  the  nanodosimeter  and 
the  frequency  and  reparability  of  DNA  lesions,  we  have  utilized  a  model  system  in  which  DNA 
from  supercoiled  plasmids  is  irradiated  in  aqueous  solution  in  the  presence  of  radical  scavengers 
(0.1  mol  dm'3  DMSO).  Plasmids  with  at  least  one  single  strand  break  (SSB)  are  transformed  into 
an  “open  circle”  form,  whereas  those  with  one  or  more  DSBs  become  linear.  The  yield  of  SSBs 
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and  DSBs  is  determined  by  separating  the  open-circle  and  linear  plasmid  fractions  from  the 
residual  supercoiled  fraction  after  employing  agarose  gel  electrophoresis  and  measuring  the 
amount  of  DNA  in  each  fraction  [11]. 

A  first  approach  to  establish  a  relationship  between  certain  DNA  damages  and  ionization 
clusters  in  DNA-equivalent  volumes  is  to  compare  the  yield  of  plasmid  DSBs  and  its  dependence 
on  particle  energy  with  that  of  ionization  clusters  larger  than  a  specified  size.  Similar  absolute 
yields  of  DSBs  and  ionization  clusters  and  a  similar  dependence  on  particle  energy  would 
indicate  that  a  correlation  exists.  Thus  far,  we  have  measured  the  DSB  yields  at  three  different 
points  of  the  proton  Bragg  peak  curve  corresponding  to  mean  proton  energies  of  30  MeV,  3 
MeV,  and  1  MeV.  Since  reliable  experimental  nanodosimetric  spectra  are  not  available  at  this 
time,  we  have  compared  these  results  to  Monte  Carlo  simulations  of  energy  deposition  events 
larger  than  40  eV  in  cylinders  of  2  nm  diameter  and  16  nm  length  [12]. 

In  repair-competent  mammalian  cells,  most  DSBs  can  be  repaired  error-free  and  are  thus  not 
critical  for  cell  survival  and  cancer  induction.  It  may  therefore  be  more  valuable  to  to  use 
nanodosimetric  measurements  to  predict  the  yield  of  DNA  lesions,  which  cannot  be  repaired  by 
any  of  the  intracellular  repair  mechanisms.  A  prerequisite  for  the  study  of  the  relationship 
between  large  ionization  clusters  and  irreparable  DNA  lesions  is  the  capability  to  identify  these 
lesions  with  the  help  of  biological  assays. 

It  has  been  hypothesized  that  irreparable  DSBs  cannot  be  re-ligated  by  repair  enzymes.  To 
test  this  hypothesis,  we  have  employed  a  plasmid-rejoining  assay.  Irradiated  DNA  is  incubated 
with  cellular  extract  derived  from  Xenopus  laevis  frog  eggs  for  up  to  two  hours.  After  incubation, 
the  remaining  fraction  of  linear  plasmids  is  determined  as  a  function  of  incubation  time.  The 
fraction  of  linear  plasmids  remaining  after  2  hours  of  incubation  is  then  defined  as  the  fraction  of 
irreparable  DSBs.  From  previous  experience  with  this  assay  it  has  been  known  that  the  Xenopus 
frog  cellular  extract  rejoins  the  majority  of  DSBs  induced  by  low-LET  irradiation  within  two 
hours. 

More  recently,  we  have  begun  to  develop  a  plasmid  mutation  assay  in  order  to  measure  the 
frequency  of  misrepaired  DSBs  and  to  study  the  quality  of  the  resulting  mutations.  The  main 
motivation  behind  this  approach  is  the  possibility  that  plasmids  containing  irreparable  damage 
may  still  undergo  rejoining  although  by  an  error-prone  mechanism  that  results  in  mutations.  Our 
assay  employs  the  pHAZE  plasmid,  which  contains  an  ampicillin  resistance  gene,  a  P- 
galactosidase  gene,  and  an  origin  of  replication.  After  irradiation,  plasmids  rejoined  by  the  repair 
extract  are  used  to  transform  E.  coli  bacterial  host  cells.  The  ampicillin  gene  is  employed  to 
identify  bacteria  that  have  been  transformed  successfully.  Bacteria  containing  a  plasmid  with  an 
intact  ampicillin  gene  when  incubated  on  an  appropriate  medium  will  grow  into  visible  colonies. 
Bacterial  colonies  characterized  by  the  absence  of  a  functioning  P-galactosidase  gene  identify 
plasmids  that  carry  a  mutation  of  this  gene.  The  quality  of  the  mutations  can  then  be  further 
analyzed  by  using  restriction-fragment  analysis. 
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3.  Results  and  Discussion 

3.1  Sensitive  Volume  Mapping 

Figure  5  shows  an  example  of  two  efficiency  maps  which  were  calculated  based  on 
experimental  measurements  of  diffusion  parameters  maps  for  two  different  electric  drift  field 
conditions  and  a  gas  pressure  of  1  Torr.  The  two  maps  were  obtained  under  the  assumption  of  a 
homogeneous  electric  field  throughout  the  sensitive  volume.  Due  to  the  different  field  strength 
they  differ  with  respect  to  the  efficiency  along  the  longitudinal  axis  of  the  sensitive  volume. 
These  results  demonstrate  that  a  closed  wall-less  sensitive  volume  in  the  order  of  2  nm  across 
and  10  to  20  nm  length  can  be  formed  in  the  ion-counting  nanodosimeter.  Based  on  model 
calculations,  we  have  predicted  that  such  a  volume  would  be  most  useful  for  correlating  spectra 
with  biological  effectiveness. 

The  assumption  of  a  homogeneous  electric  field  throughout  the  sensitive  volume  is  only 
adequate  to  a  first  approximation.  Ions  drifting  through  the  aperture  are  further  accelerated 
towards  the  ion  counter  by  a  strong  electric  field.  This  electric  field  partially  extends  through  the 
aperture  into  the  ionization  cell,  and  may  distort  the  homogeneous  field  in  the  cell  and  affect  the 
ion  extraction  process.  To  study  this  effect,  we  performed  Monte  Carlo  (MC)  simulations  of  the 
ion  drift  in  the  ionization  cell.  First,  it  was  verified  that  the  MC  method  and  the  integral  method 
used  to  obtain  the  maps  shown  in  Figure  5  give  equivalent  results  under  homogeneous  field 
conditions.  The  MC  method  was  then  applied  to  obtain  efficiency  maps  under  realistic 
(inhomogeneous)  field  conditions.  Results  of  these  calculations  are  shown  in  Figure  6.  By 
comparing  the  maps  of  Figure  5  and  6,  it  can  be  seen  that  the  distortion  of  the  drift  trajectories 
near  the  aperture  significantly  affects  the  entire  efficiency  distribution  producing  a  narrower  and 
significantly  longer  sensitive  volume. 

Figure  7  shows  results  obtained  with  the  scanning  version  of  the  nanodosimeter  at  the 
Weizmann  Institute  of  Science.  It  must  be  acknowledged  that  the  efficiency  values  obtained  have 
relatively  large  error  margins,  which  is  due  to  a  large  noise  component  caused  by  background 
ionizations.  Based  on  a  semiquantitive  comparison,  these  data  were  found  to  be  consistent  with 
the  maps  obtained  with  the  first  method.  The  scanning  experiments  had  to  be  discontinued  since 
the  turbo  pumping  systems  were  needed  for  the  nanodosimetric  experiments  in  Loma  Linda.  It  is 
planned,  however,  to  resume  scanning  experiments  during  our  third  project  year.  Furthermore,  an 
alternative  scanning  method  using  high-energy  protons  will  become  available  once  the  position- 
sensitive  capability  of  the  nanodosimeter  is  implemented. 

3.2  Preliminary  Experience  with  the  Nanodosimeter 

Since  the  fabrication  of  the  first  nanodosimeter  was  completed  in  October  and  the  detector 
was  installed  on  the  Loma  Linda  proton  beam  line,  we  have  obtained  first  nanodosimetric 
ionization  cluster  size  spectra  produced  in  propane  by  the  built-in  alpha  source  as  well  as  high- 
and  low-energy  protons  from  the  Loma  Linda  accelerator.  Figure  8  shows  a  cluster  size  spectrum 
and  ion-arrival-time  spectrum  for  alpha  particles  for  the  electric  drift  field  conditions  displayed 
in  Figure  6  and  a  gas  pressure  of  1  Torr.  These  spectra  are  the  first  ever-recorded  ionization 
event  spectra  in  gas  volumes  equivalent  to  segments  of  DNA.  It  can  be  seen  that  for  alpha 
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particles  directly  crossing  the  sensitive  volume  the  most  common  events  are  ion  clusters 
containing  6-10  ions,  in  addition,  considerably  larger  clusters  are  seen  albeit  with  much  lower 
frequencies. 

Figure  9  shows  a  comparison  of  ionization  cluster  size  spectra  obtained  with  high-LET  alpha 
particles  and  intermediate-LET  protons  of  about  3-4  MeV  average  energy.  Compared  to  alpha 
particles,  the  average  number  of  ions  formed  per  proton  passing  through  the  sensitive  volume  is 
rather  small  (-0.19),  and  in  fact  more  than  90%  of  the  measured  protons  did  not  induce  any 
ionizations  within  the  sensitive  volume.  One  should  note,  however,  that  the  two  spectra  are  not 
directly  comparable  because  the  alpha  spectra  were  produced  only  by  particles  directly  passing 
trough  the  sensitive  volume  whereas  the  proton  spectra  contain  events  from  both  particles 
traversing  trough  and  passing  outside  of  the  sensitive  volume. 

These  first  spectra  show  that  the  nanodosimeter  is  able  to  produce  meaningful  results  for 
different  radiation  qualities.  On  the  other  hand,  the  operations  of  the  last  two  months  have  made 
it  clear  that  the  detector  in  its  current  form  needs  to  be  further  improved.  In  particular,  the 
following  points  have  to  be  addressed  in  the  next  project  year: 

•  Signal-to-noise  ratio:  Currently  there  is  a  relatively  large  background  noise  level.  Some 
reasons  for  this  noise  have  already  been  identified.  Possible  solutions  to  improve  the 
signal-to-noise  ratio  include  improved  shielding  and  a  lower  operational  voltage  of  the 
ion  counter. 

•  Read-out-stability:  Formation  of  oxidative  layers  on  metal  surfaces  inside  the 
nanodosimeter  may  cause  detector  electrodes  to  charge  up.  Charging  of  the  electrodes 
will  result  in  instabilities  due  to  changes  in  ion  collection  efficiency.  Such  instabilities 
have  been  observed  during  first  detector  operations.  It  is  planned  to  replace  the  current 
electrodes  by  gold-plated  electrodes. 

•  Ion-counting  efficiency:  The  electron  multiplier  presently  used  as  the  ion  counter 
requires  a  very  good  vacuum  for  efficient  and  stable  operation.  The  vacuum  that  can  be 
achieved  in  the  current  detector  is  —10"4  Torr,  which  is  at  the  upper  limit  of  the  working 
range.  This  may  cause  variations  in  the  ion-counting  efficiency.  Two  possible  solutions 
have  been  suggested:  First,  the  aperture  confining  the  accelerated  ions  may  be  narrowed, 
thus,  allowing  the  current  differential  pumping  system  to  work  more  efficiently.  Second, 
a  different  type  of  ion  counter,  e.g.,  a  micro-sphere  counter,  may  be  employed  that 
operates  under  less  stringent  vacuum  conditions. 

3.3  Biological  Assays 

Double  Strand  Break  Yields 

Figure  10  shows  the  results  of  experiments  in  which  plasmid  DNA  was  irradiated  with 
protons  of  30  MeV,  3  MeV,  and  1  MeV  average  energies.  The  results  are  complemented  by 
additional  data  for  low-LET  gamma  rays.  The  figure  shows  the  number  of  DSBs  per  plasmid  as  a 
function  of  dose.  Individual  data  are  shown  together  with  least  squares  straight-line  fits.  As  the 
dose  increases,  the  number  of  DSBs  increases  linearly  in  accordance  with  a  single  hit 
mechanism.  Table  1  summarizes  the  DSB  yields  (in  units  of  Gy'1  dalton'1),  which  were 
calculated  assuming  a  length  of  10327  base  pairs  for  pHAZE  and  relative  molecular  mass  of  650 
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Daltons  per  base  pair.  Included  in  the  table  are  standard  deviations  and  95%  confidence  limits  of 
the  break  yields. 

The  data  demonstrate  that  the  DSB  yields  of  protons  with  3  MeV  average  energy  exceeds 
that  of  protons  with  30  MeV  and  1  MeV  average  energy  by  a  factor  of  about  1.5.  The  DSB  yield 
of  protons  of  1  MeV  and  30  MeV  average  energy  is  not  significantly  different  from  that  of  low- 
LET  gamma  rays.  It  is  of  interest  to  compare  these  DSB  yields  with  the  induction  frequencies  of 
energy  deposition  events  larger  than  40  eV  in  cylindrical  segments  of  2  nm  diameter  and  16  nm 
length  (corresponding  to  a  DNA  segment  of  47  base  pairs).  The  energy  deposition  threshold  of 
40  eV  was  chosen  because  it  is  believed  to  correspond  to  the  threshold  of  DSB  induction  in 
DNA.  Monte-Carlo  calculated  absolute  frequencies  of  energy  deposition  events  per  unit  dose 
have  been  published  for  low  energy  protons  (0.3  -  4  MeV)  and  low-LET  electrons  (100  keV 
electrons).  The  absolute  yields  of  energy  deposition  events  are  6.1  x  10'11  Gy'1  dalton'1  for  low- 
LET  electrons  and  8.1  x  10'11  Gy'1  dalton'1  for  4  MeV  protons.  A  comparison  of  these 
frequencies  with  the  yields  shown  in  Table  1  indicates  that  about  20%  of  the  energy  deposition 
events  >  40  eV  leads  to  a  double  strand  break. 

Figure  1 1  shows  the  LET  dependence  of  the  relative  yield  of  energy  deposition  events  >  40 
eV  in  DNA  segments  of  47  bp  using  low-LET  electrons  as  reference  irradiation  (relative  yield  = 
1).  It  can  be  seen  that  low  energy  protons  produce  energy  deposition  events  larger  than  40  eV 
about  1.3  -  1.5  more  efficiently  than  low-LET  electrons,  which  agrees  with  the  experimental 
findings  of  the  efficiency  for  DSB  induction  of  3  MeV  protons  relative  to  30  MeV  protons  and 
gamma  rays.  However,  the  experimentally  observed  decrease  of  DSB  yields  for  protons  of  1 
MeV  and  lower  is  at  variance  with  the  further  increase  in  the  relative  yield  of  energy  deposition 
events  for  this  proton  energy  range  (see  Figure  11).  There  are  several  explanations  for  this 
discrepancy.  One  possibility  is  that  plasmids  may  be  intersected  by  the  same  particle  track  more 
than  one  time,  and  with  higher  ionization  density  (LET)  the  induction  of  more  than  one  DSB  per 
intersection  becomes  likely.  Since  fragmented  plasmids  are  lost  during  the  gel  electrophoresis 
process,  these  multi-DSBs  are  not  counted  as  double  strands  breaks,  thereby  the  DSB  yield  is 
reduced.  Another  possibility  is  that  a  certain  fraction  of  DSBs  is  induced  indirectly  by  OH 
radicals,  which  are  generated  by  water  ionization  within  4  nm  from  the  DNA  molecule.  With  the 
higher  ionization  densities  produced  by  low  energy  protons,  these  OH  radicals  have  a  greater 
likelihood  to  recombine  before  they  react  with  DNA.  Thus,  although  the  total  number  of  energy 
deposition  events  >  40  eV  is  increased,  their  efficiency  of  producing  DSBs  may  be  reduced.  This 
points  to  the  fact  that  sophisticated  models  of  DSB  induction  are  needed,  which  take  into  account 
the  spacing  of  ionizations  and  the  location  of  ionizations  with  respect  to  the  DNA  molecule  and 
the  surrounding  water. 

Plasmid  Rejoining  Assay 

Table  2  shows  the  result  of  plasmid  rejoining  studies  with  protons  of  30  MeV  and  3  MeV 
average  energy.  The  table  also  shows  rejoining  data  after  irradiation  with  gamma  rays  (low  LET) 
and  alpha  particles  (high  LET).  One  should  note  that  no  attempt  was  made  to  separate  the  three 
different  plasmid  fractions  (supercoiled,  open  circles,  and  linear)  before  incubating  them  with  the 
Xenopus  frog  extract.  The  data  in  Table  2  give  the  overall  fractions  of  linearized  plasmids  in  the 
samples  incubated  with  the  frog  extract  for  zero  and  two  hours,  as  well  as  the  ratio  between  the 
fraction  of  linearized  plasmids  after  two  hours  and  at  zero  hours. 
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After  two  hours  of  incubation  the  fraction  of  remaining  unrejoined  plasmids  varied  between 
35%  and  50%.  Furthermore,  the  values  show  no  clear  LET  dependence.  This  demonstrates  that 
the  efficiency  of  the  extract  to  rejoin  linearized  plasmids  does  not  strongly  depend  on  the 
radiation  quality.  It  is  likely,  however,  that  many  of  the  linearized  plasmids  generated  by  high- 
LET  irradiation  are  not  rejoined  correctly. 

Plasmid  Mutation  Assay 

The  new  mutation  assay  is  still  under  development  and  requires  optimization.  No  conclusive 
data  can  be  presented  at  this  time. 

4.  Conclusion 

During  the  second  project  year,  we  have  made  substantial  progress  in  the  development  of 
nanodosimetry  for  biomedical  applications.  The  first  version  of  the  nanodosimeter  has  been 
fabricated  and  installed  on  the  research  beam  line  of  the  Loma  Linda  proton  accelerator.  It  was 
demonstrated  that  the  detector  is  sensitive  to  different  ionization  patterns  produced  by  protons 
and  alpha  particle,  thus,  supporting  our  original  hypothesis.  During  the  first  two  months  of 
operation  a  few  shortcomings  of  the  detector  became  apparent  that  will  be  addressed  during  the 
next  project  year.  Initial  scanning  experiments  to  map  the  sensitive  volume  of  the  detector  were 
performed,  and  the  results  were  consistent  with  those  obtained  using  a  semi-analytical  method.  It 
is  acknowledged  that  the  scanning  method  needs  to  be  further  refined  and  more  reliable  data 
need  to  be  obtained.  Biological  assays  have  been  developed,  which  will  permit  direct  comparison 
between  DNA  damage  quantity  or  quality  and  ionization  cluster  quantity  or  quality  measured 
with  the  nanodosimeter.  More  emphasis  will  be  placed  on  the  quality  of  DNA  lesions  and  their 
reparability  since  rejoining  efficiency  of  strand  breaks  does  not  appear  to  be  a  good  indicator  for 
different  break  qualities.  Thus  far,  a  direct  comparison  of  biological  data,  such  as  yields  of  DSBs 
and  its  dependence  on  particle  energy  has  only  been  possible  with  theoretical  data  of  energy 
deposition  in  DNA  volumes.  This  comparison  indicates  that  the  relationship  between  energy 
deposition  (or  ionization)  events  in  nanometer  volumes  and  the  induction  of  DNA  damages  is 
quite  complex.  Biophysical  models  need  to  be  developed  or  refined  that  translate  nanodosimetric 
data  into  the  induction  of  double  strand  breaks  and  more  complex  forms  of  DNA  damage. 
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6.  Tables 


Table  1 


Radiation  Quality 

Mean  LET 
(kev/pm) 

Gdsb  (Gy"  Da")+  S.E. 

95%  C.I. 

Gamma  rays 

0.3 

1.2  x  10'"  ±  1.1  x  10’12 

1.0  x  10'12-  1.4  x  10'" 

30  MeV  protons 

2 

1.3  x  10'u  ±  0.8  x  10’12 

1.2  x  10'12-  1.5  x  10'11 

4  MeV  protons 

10 

2.0  x  10'11  ±  0.5  x  10'12 

1.9  x  1  O'12 -2.1  x  io-n 

1  MeV  protons 

20 

1.3  x  10'u  ±  0.9  x  lO'12 

1.1  x  10'12-  1.4  x  I0'u 

Table  2 


Radiation  Quality 

Mean  LET 
(keV/pm) 

%  rejoined 

0  hours 

2  hours 

Ratio  (%) 

2  hours  :  0  hours 

Gamma  rays 

0.3 

22.5 

11.2 

50 

Alpha  (Cu-241) 

100 

18.5 

8.1 

44 

30  MeV  protons 

2 

17.6 

6.1 

35 

4  MeV  protons 

10 

15.4 

5.9 

38 
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List  of  Figures 

Fig  1 A  schematic  diagram  of  the  nanodosimeter  based  on  single-ion  counting.  Only  ions 

formed  in  the  sensitive  volume  (shaded)  are  extracted  into  the  vacuum  and  detected  in 
the  ion  counter. 

Fig  2.:  Photograph  of  the  nanodosimeter  as  seen  from  the  external  beam  entry  side.  The  G 10 
entrance  window  has  been  removed  permitting  a  view  of  the  ionization  cell. 

Fig  3 . :  Detailed  design  drawing  of  the  nanodosimeter  showing  its  main  components. 

Fig  4.:  Diagram  of  the  nandosimeter  with  accessory  power  supplies,  triggering  system,  and  data 
accquisition  electronics. 

Fig  5.:  Ion  collection  efficiency  maps  calculated  under  the  assumption  of  a  homogeneous  field 
of  (a)  60  V/cm  and  (b)  100  V/cm  inside  the  ionization  cell. 

Fig  6.:  Same  as  Fig.  5,  however,  the  maps  are  based  on  Monte  Carlo  studies  of  individual  ion 
trajectories  and  take  into  account  electric  field  inhomogeneities. 

Fig  7.:  Measured  integral  ion  collection  efficiencies  along  (a)  the  transverse  axis  and  (b)  the 
longitudinal  axis  of  the  sensitive  volume. 

Fig  8.:  First  nanodosimetric  spectra  obtained  with  propane  using  the  built-in  alpha  source  that 
emits  alpha  particles  across  the  sensitive  volume.  The  two  sets  of  data  were  measured 
under  two  different  extraction  field  conditions:  (a)  60  V/cm  and  (b)  1 00  V/cm.  The 
upper  panels  show  the  distribution  of  ion  cluster  sizes  and  the  lower  panels  the 
distribution  of  ion-arrival  times. 

Fig  9.:  First  ionization  cluster  size  spectra  of  protons  and  alpha  particles  in  a  tissue-equivalent 
sensitive  volume  of  nanometer  extensions  measured  in  1  Torr  propane.  One  can  clearly 
see  the  difference  between  high-LET  alpha-particle  and  intermediate-LET  proton  spectra 
(~  10  keV/pm). 

Fig  1 0.:  Experimental  results  of  plasmid  experiments  at  LLU.  Shown  are  the  average  number  of 
DSBs  per  plasmid  as  a  function  of  dose  for  protons  of  30  MeV  (■),  3  MeV  (♦),  and  1 
MeV  (A)  average  energy.  For  comparison,  results  obtained  low-LET  gamma  rays  ( * ) 
are  also  shown.  The  lines  correspond  to  least  squares  straight-line  fits. 

Fig  11.:  LET  dependence  of  the  relative  yield  of  energy  deposition  events  >  40  eV  in  DNA 

segments  of  47  bp  as  a  function  of  proton  energy.  Low-LET  electrons  of  1 00  keV  energy 
were  used  as  reference  irradiation  (relative  yield  =  1).  The  curve  is  based  on  Monte 
Carlo  simulation  of  low-energy  proton  track  segments  [12]. 
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H.  INTRODUCTION 

Figure  1  demonstrates  a  proton  beam  as  it  passes  through  the  treatment  nozzle  to  the 
target.  Scatterers  disperse  the  protons,  transforming  the  pencil-thin  beam  into  a  cone. 
Fixed  apertures  block  stray  radiation  after  the  scatterers.  The  precise  shape  of  the 
treatment  area  is  cast  into  a  lead  alloy  aperture,  which  shields  all  areas  except  the 
tumor. 


Presently,  custom  apertures  must  be  made  for  each  treatment  angle  (portal)  used  to 
treat  each  patient  with  proton  radiation  therapy.  The  apertures  are  expensive  to  make 
and  dispose  of.  The  weighty,  bulky  apertures  must  be  changed  manually  by  the 
radiation  therapist  before  each  treatment.  This  time-consuming  step  impedes 
treatment  efficiency  in  a  facility  that  often  treats  over  100  patients  per  16-hour 
operating  day.  In  addition,  large-field  apertures  that  may  be  developed  for  future 
treatments  of  breast  cancer  and  other  diseases  could  exceed  200  pounds,  rendering 
manual  installation  and  removal  impractical.  Finally,  a  single  aperture  per-portal 
configuration  may  preclude  intensity  modulation,  a  precision  dose  delivery 
technique  that  has  come  into  use  only  recently  in  radiation  therapy.  For  these 
reasons,  considerable  interest  has  grown  in  the  development  of  an  adjustable 
collimator,  a  device  that  can  be  automatically  manipulated  to  conform  to  any 
required  two-dimensional  shape.  The  multileaf  collimators  that  have  recently 
become  common  in  conventional  radiation  therapy  are  inadequate  for  use  with 
protons  (proton  collimation  will  requires  different  collimator  materials,  collimation 
as  close  as  possible  to  the  skin,  and  other  design  considerations). 

The  initial  goal  of  this  project  was  to  determine  the  optimal  overall  solution,  develop 
specific  design  parameters  and  constraints  which  would  lead  to  a  successful  design, 
and  prepare  detailed  design  specifications  that  could  be  used  to  build  multi-leaf 
collimators  for  the  LLUMC  facility  and  elsewhere.  Because  the  project  was  funded 
significantly  below  the  requested  amount,  the  project  scope  was  reduced  to  preparing 
requirement  specifications  as  opposed  to  design  specifications.  Specifically,  the  goal 
of  the  project  was  to:  A)  analyze  clinical  requirements;  B)  develop  design 
parameters  and  constraints;  C)  write  requirements  specifications;  D)  conduct  a 
requirements  review;  E)  prepare  final  requirements  specifications. 
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III.  BODY 

The  project  results  are  described  in  detail  in  the  requirements  specifications  attached 
as  Appendix  A  and  Appendix  B.  Below  is  a  description  of  the  research  process. 

A.  Clinical  Requirements 

The  first  task  of  the  project  was  to  establish  clinical  requirements.  Clinical  staff  and 
medical  physicists  met  regularly  with  Optivus  engineers  to  help  define  requirements. 
Several  of  the  broad  issues  investigated  are  described  below 

1.  Categories  of  tumors  and  disease  sites  for  which  a  multileaf  collimator  would 
be  appropriate 

2.  Optimal  leaf  width  and  end  shape,  and  the  potential  effect  of  these 
parameters  on  accuracy,  penumbra,  range,  and  dose  distribution 

3.  Quality  assurance  issues  relating  to  inter-leaf  leakage  and  calibration. 

4.  Treatment  efficiency  issues  (maintain  high  rate  of  patient  throughput) 

The  primary  concern  regarding  the  first  of  these  issues,  that  is,  which  tumors  can  be 
treated  using  a  multileaf  collimator,  was  whether  replacing  custom-made  smooth 
apertures  with  stepped  collimator  leaves  would  decrease  dose  delivery  precision 
significantly.  To  assess  the  efficacy  of  a  multileaf  in  comparison  to  cast  apertures, 
the  treatment  planning  system  software  was  modified  to  permit  simulation  of  the 
effects  of  multileaf  collimation  on  radiation  dose  to  the  target,  normal  tissue  and 
critical  structures.  Simulations  were  performed  comparing  smooth  apertures  to 
stepped,  multileaf  apertures  for  a  wide  range  of  regular,  geometric  shapes  and 
irregularly-shaped  tumors. 

Appendix  C  displays  screen  captures  and  dose-volume  histograms  from  treatment 
planning  simulations  of  dose  delivery  using  multi-leaf  collimators  with  varying  leaf 
spacing.  Simulations  were  completed  for  a  variety  of  geometric  shapes  tumor  targets 
at  several  leaf  spacings.  Comparisons  with  cast  apertures  were  also  made. 

The  clinical  staff  on  the  project  team  analyzed  the  results  of  the  simulation  and 
determined  that  for  leaf  widths  of  1  cm,  with  a  rectangular  end  shape,  the  multileaf 
collimator  provided  sufficient  accuracy  for  most  tumor  types  treated  at  the  Proton 
Treatment  Center. 

The  other  clinical  requirements  issues  listed  above-leaf  parameters,  inter-leaf 
leakage,  calibration,  and  treatment  efficiency — were  referred  to  the  engineering 
team,  and  were  addressed  in  the  Design  Parameters  and  Constraints  portion  of  the 
project. 
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B.  Design  Parameters  and  Constraints 

Optivus  engineers  used  the  requirements  specified  by  the  clinical  and  medical 
physics  staff  to  begin  establishing  engineering  requirements.  Gantry  geometry, 
nozzle  geometry,  and  control  system  integration  were  studied  extensively.  Existing 
multileaf  collimators  used  in  conventional  radiation  therapy  were  also  analyzed. 

After  a  preliminary  analysis,  the  engineers  generated  an  initial  conceptual  design 
(several  of  the  design  drawings  are  attached  in  Appendix  D). 

After  fiirther  study,  the  engineering  team  developed  a  list  of  requirements  to  be 
specified.  The  requirements  were: 

1.  Dimensional/Physical  Characteristics 

2.  Field  Size  and  Resolution 

3.  Leaf  Location  Parameters 

4.  Leaf  Movement 

5.  Cast  Aperture 

6.  Bolus  Mounting  Requirement 

7.  System  Deflection 

8.  Leaf  Projection  Past  CAX 

9.  Leaf  End  Shape 

10.  Leaf  Material 

11.  Rotation  Around  CAX 

12.  Leaf  Leakage  and  Penumbra 

The  remainder  of  the  project  period  was  spent  establishing  these  specifications  and 
developing  a  requirements  specification. 

C.  Requirements  Specification 

Electro-mechanical  and  software  requirements  specifications  are  attached  in 
Appendix  A  and  Appendix  B. 

D.  Prototype  testing 

The  project  was  essentially  complete  after  the  initial  12-month  period,  at  which  time 
a  prototype  heavy-ion  MLC  that  had  been  developed  at  UC  Berkeley  in  the  1980’s 
became  available.  The  project  team  requested  and  received  an  extension  of  the 
project  period  in  order  to  build  a  test  stand  for  the  prototype  MLC  to  permit  leak 
testing  of  the  device. 

The  test  stand  was  completed  in  late  1999,  and  the  MLC  was  mounted  in  the  beam 
for  testing.  Leaf  patterns  were  set  to  simulate  a  prostate  treatment.  Tests  using 
radiographic  film  in  the  beam  line  showed  no  beam  leakage. 
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In  addition,  the  film  data  validated  the  conclusions  reached  during  the  treatment 
planning  simulations  that  the  multileaf  is  suitable  for  prostate  treatments. 


CONCLUSION 

The  results  of  the  treatment  planning  simulations,  electrical  and  mechanical 
engineering  analyses,  and  leak  tests  indicate  that  building  a  proton  multi-leaf 
collimator  in  a  gantry  is  technically  and  clinically  feasible.  The  project  team 
achieved  its  objectives  by  developing  a  requirements  specification  which  can  serve 
as  the  foundation  for  the  design  and  construction  of  a  multileaf  collimator. 


Principal  Investigator:  James  M.  Slater,  M.D. 
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I.  INTRODUCTION 

A.  PURPOSE 

An  NMTB  Grant  has  been  secured  by  LLUMC  to  prepare  a  Requirements  Specification 
for  a  proton  therapy  Multileaf  collimator.  From  these  specifications  a  collimator  that 
will  reduce  the  cost  and  increase  the  therapeutic  ratio  of  proton  therapy  can  be  detailed 
and  built.  The  Purpose  of  this  specification  is  to  identify  and  establish  formal  written, 
agreed  upon,  specifications  for  a  Multileaf  Collimator  that  will  establish  the 
requirements  to  meet  the  above  objectives. 

This  document  will  provide  the  means  to  communicate  the  requirements  to  potential 
users,  physicists,  facility  personnel,  as  well  as  standard  PBTC  safety  operations  and 
•  requirements.  This  document  will  serve  as  the  design  input  for  the  development  team. 


B.  SCOPE 

This  document  specifies  specific  requirements  for  the  LLUMC  facility  and  assumes 
only  minor  modifications  to  the  existing  nozzle  assembly.  This  specification  is  intended 
to  integrate  into  a  proton  treatment  system.  This  document  is  also  limited  to  a  design  for 
Gantry  use  only  and  is  not  intended  to  provide  specifications  for  a  fixed  beam  room. 
This  document  is  intended  to  provide  a  baseline  for  total  MLC  requirements,  design, 
and  implementation  costs  and  schedules.  Although  released  as  Revision  “A”,  the  final 
requirements  for  the  Multileaf  Collimator  are  to  be  determined  based  on  a  final  decision 
to  proceed  with  a  full  project.  This  document  lists  a  number  of  requirements  that 
reflect  the  consensus  of  the  development  team,  however,  will  need  to  be  finalized 
and  approved  by  LLUMC  when  approval  for  further  project  steps  is  obtained. 
Review  and  Revise  this  document  before  proceeding  to  detailed  requirements. 
There  are  a  number  of  derived  detailed  requirements  that  will  need  to  be  removed 
and  transferred  to  a  detailed  requirements  specification  when  appropriate. 


C.  DEFINITIONS,  ABBREVIATIONS,  ACRONYMS 


1 .  Definitions 

Multileaf  Collimator 

Gantry 

Over-run  Distance 
Dosimetric  Penumbra 

Leaf  Side  Focussing 
Document  No.  5000052  Rev.  A 


A  MultiLeaf  collimator  is  collimating  device  that  is 
comprised  of  more  than  one  collimating  leaf,  which 
will  provide  coarse  and/or  fine  collimating  resolution. 

A  rotating  support  structure  that  allows,  in  this  case, 
Proton  Beam  transportation  to  a  specific  central 
target  location. 

The  distance  past  beam  center  that  a  leaf  will  extend. 

The  dose  that  exists  at  a  lesser  degree  immediately 
adjacent  to  a  collimated  region. 

The  dosimetric  penumbra  resolution  generated  from 
leaf  edges 
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Attenuation 

Beam  intensity  reduction.  Refereed  in  this  document 
as  attenuation  length. 

Attenuation  length  The  length  (Or  thickness)  of  material  required  to 

block  a  specified  charged  proton. 

Envelope  dimensions  The  outer  most  dimensions  of  a  configuration. 

2.  Acronyms 

MLC 

Multileaf  Collimator 

.  NMTB 

National  Medical  Technology  Test  Bed 

LLUMC 

Loma  Linda  University  Medical  Center 

- 

OTI 

Optivus  Technology,  Inc. 

PBTC 

Proton  Beam  Treatment  Center 

PBTS 

Proton  Beam  Transport  System 

CAX 

Central  Axis 

MTBF 

Mean  Time  Between  Failure 

.MTTR 

Mean  Time  To  Repair 

IAW 

In  Accordance  With 

SOP 

Standard  Operating  Procedures 

D.  REFERENCES 

1 .  Design  Control  Policy 

a)  OTI  Operating  Procedure:  4-1,  Revision  F 

This  document  is  to  provide  for  a  system  and  instructions,  and  to  assign 
responsibilities  for  product  design  and  design  verification  activities  in 
compliance  with  United  States  Food  and  Drug  Administration  (FDA)  Quality 
System  Regulation  (QSR)  21  C.F.R.  820. 

2.  Multileaf  Collimator  System  Software  Requirements  Specification 

a)  OTI  Document  number  3000260,  Revision  1 .0,  Initial  Versions 

This  document  is  to  define  software  system  requirement  specifications  for  a 
proton  therapy  Multileaf  collimator. 

II.  REQUIREMENTS 
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A.  GENERAL  REQUIREMENTS 

1.  510K 

a)  LLUMC’s  5 10K  will  need  to  be  reviewed  and  if  necessary  revised  for 
inclusion  of  this  device 

2.  OTI  SOPs 

a)  All  Design  and  Manufacturing  are  to  be  LAW  OTI  SOPs 

3.  Product  Life 

a)  Product  Life  >  20  years 

4.  Training 

a)  A  training  program  is  to  be  approved  prior  to  release  of  final  design 

5.  Gantiy  Installation 

a)  MLC  is  to  be  designed  for  LLUMC  Gantry  2  or  Gantry  3 

B.  SPECIFIC  PERFORMANCE  AND  CONFIGURATION  REQUIREMENTS 

1 .  Dimensional/Physical  Characteristics 

a)  The  Distance  to  iso-center-from  exit  of  MLC 

(1)  Fully  extended  <=25.4cm(10M) 

(2)  Fully  Retracted  =>63.5cm(25,,). 

b)  Overlap  on  optionally  mounted  aperture 

( 1 )  Overlap  between  the  inside  shape  of  the  MLC  and  the 

outside  shape  of  an  inserted  aperture  =>6mm  (.25  inches) 

c)  Envelope  Dimensions 

(1)  Maximum  Length  from  CAX  <=105cm(41.3  inches) 

(2)  Overall  Length  <=2 1 0cm(82.6  inches)  maximum  outside 
length 

(3)  Width-5 0. 8 cm(20  inches) 

d)  Weight 

(1)  Maximum  Mounted  Weight  <=1360KG(30001bs). 

2.  Field  Size  and  Resolution 
a)  Field  Size 

(1)  Fully  Open  =>  40cm  square  as  projected  to  Isocenter 

(2)  Closed-0.00cm(0.000  inches) 

(3)  Leaf  resolution 

(a)  Leaf  width- lcm 

3 .  Leaf  Location  Parameters 

a)  Leaf  positioning: 

( 1 )  Leaf  Location  -20cm  to  +20cm  from  CAX 

(2)  Leaf  location  command  resolution  capability  <=.  1  mm  as 
projected  to  Isocenter. 

(3)  Location  tolerance  <=.5mm  as  projected  to  Isocenter. 
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b)  Leaf  position  monitoring 

(1)  Leaves  shall  be  electrically  driven. 

(2)  Drive  device  location  tolerance<=.25mm(l/2  half  the  leaf 
positioning  tolerance) 

c)  Acceptable  drives 

(1)  Servomotor 

(2)  Stepper  motor 

(3)  Other-Must  meet  above  requirements 

(4)  The  feed  back  loop  attached  directly  to  the  drive  motor  will 
provide  positional  accuracy  to  the  drive  motor. 

(5)  Location  resolution  <=.lmm(.l  Rev.  for  1mm  pitch  drive 
screw) 

(6)  Locational  Tolerance<=  25mm(.25  Rev.  for  1mm  pitch  drive 

screw) 

d)  Primary  Position  Monitor 


(1) 

Drive  device  will  provide  primary  position  location  and 
feedback 

(2) 

Acceptable  Feed  back  sources 

(a) 

Resolver 

(b) 

Encoder 

(c) 

Other-Must  meet  above  requirements 

e)  Secondary  Position  Monitor 

(1 )  A  secondary  position  monitor  will  provide  independent  feed 

back  to  the  software  controls  to  assure  that  the  leave  position 
matches  the  drive  device  position  indication. 

(a)  Acceptable  secondary  feedback  devices 


0) 

Optical  Sensor 

09 

Linear  resolver 

(Hi) 

Incremental  encoder 

(iv) 

Other-Must  meet  above  requirements 

(b) 

Feed  back  device  tolerance 

(c) 

Feedback  resolution  <  =  1mm 

(d) 

Feedback  Tolerance<=  ±lmm. 

(2)  Visual  Position  Verification 

(a)  The  leaves  will  additionally  provide  for  not 

less  than  3  visual  verification  locations  that 
will  allow  manual  verification  of  device 
accuracy  across  the  available  field. 


4.  Leaf  movement 

a)  Leaf  velocity  position  verification  =>  5cm/s 
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b)  The  MLC  is  to  be  able  to  reconfigure  itself  within  (1)  spill  cycle  time. 

The  reconfiguration  would  be  a  maximum  5cm  movement  and  position 
verification  in  1  second. 

5.  Cast  Aperture 

a)  The  MLC  is  to  have  the  capability  of  accepting  a  cast  aperture. 

( 1 )  Cast  aperture  field  size  =>  1 8cm. 

b)  The  cast  aperture  mounting  system  is  to  be  basically  the  same  as  is 
utilized  in  Gantry  2,  with  the  cone  extension  upgrade  scheduled  for 
completion  in  1999.  The  system  is  to  be  able  to  accept  the  following 
Aperture  field  sizes: 

(1)  3cm 

(2)  8cm 

(3)  13  cm 

(4)  18cm 

(5)  If  deemed  acceptable  at  the  time  of  funding,  and  alternate 
aperture  arrangement  may  be  made  to  locate  apertures 
directly  in  the  leaves  of  the  MultiLeaf. 

6.  Bolus  mounting  requirement 

a)  The  MLC  is  to  have  the  capability  to  accept  a  wax  bolus. 

( 1 )  Wax  bolus  field  size  =>  1 8cm. 

(2)  The  Bolus  mounting  system  is  to  be  basically  the  same  as  is 

utilized  in  Gantry  2,  with  the  cone  extension  upgrade 
scheduled  for  completion  in  1999.  The  system  is  to  be  able 
to  accept  the  following  Bolus  field  sizes: 


(a) 

3cm 

(b) 

8cm 

(c) 

13cm 

(d) 

18cm 

7.  System  deflection 

a)  As  installed  system  deflection  to  iso-center  <=  4mm  (.16  inches)  at  any 
nozzle  extension  and/or  angle. 

b)  As  software  corrected  system  deflection  to  iso-center  <=  lmm(.04")  at 

any  nozzle  extension  and/or  angle. 

8.  Leaf  projection  Past  CAX 

a)  Over-run  Distance  =>  20cm 

9.  Leaf  end  shape 

a)  Flat  end  without  overlap  or  interlock 

b)  End  Finish  <=  30|ii. 

c)  Leaf  leakage  at  0.00  opening  will  be  accomplished  by  moving  leaf 
abutting  away  from  CAX 

10.  Leaf  Material 
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a) 


b) 


c) 


Suitable  materials  for  leaves  are  listed  in  Table  1 .  Although  all  of  these 

materials  are  deemed  acceptable  for  collimating,  the  following  items 

are  to  be  evaluated  at  the  time  of  detailed  design  and  test  to  ensure 

optimum  performance  and  safety. 

( 1 )  Activation  <=  existing  Brass  Pre-collimators. 

(2)  Material  Machining  Tolerance  Capability<=.0057foot 

(3)  Material  Finish  Capability  <  30pi  finish. 

Wear 

(1)  Material  Wear  <  .005”  wear  over  an  8.00  square  inch  surface 
area  with  a  weight  of  not  more  than  1 5  lbs.  Wear 
requirement  is  based  on  1.2  million  inches  of  travel(Or  365 
days  of  200  full  40cm  strokes/day). 

(2)  Wear  is  based  on  running  on  hard  steel,  62  Rc  or  greater, 
channels  finished  to  25 pi. 

(3)  If  it  is  identified  that  the  selected  material  is  not  capable 
meeting  the  above  wear  requirement,  rollers  are  to  be 
designed  into  the  leaf  runner  system  to  assure  goal  is  met. 

(4)  Radiation  lubricant  may  be  applied  to  achieve  wear 
requirements. 

(5)  Friction-The  selected  material  when  mated  with  hard  steel 
62  Rc  is  to  have  a  coefficient  of  friction  >.4  static  and  >.2 
sliding.  Radiation  lubricant  may  be  applied  to  achieve 
friction  requirements. 

Attenuation  length 

(1)  The  material  thickness  required  for  the  MLC,  capable  of 
blocking  275MeV  protons,  is  as  listed  in  Table  1. 

(2)  Leaf  thickness  described  in  Table  1  will  be  increased, 
sufficient  to  adjust  for  leakage  due  to  leaf  geometry  and/or 
assembly. 

(3)  Total  leakage  is  not  to  exceed  1%  of  delivered  dose  at 
275MeV  dose. 


Material 

Material 

Thickness 

(Inches) 

Material 
Density 
(lbs/cu.  in.) 

Lbs/sq.in. 

Tungsten 

43.9 

1.73 

.630 

1.09 

Brass 

78.1 

3.08 

.310 

.96 

Copper 

62.6 

2.47 

.295 

.73 

Iron 

80.0 

3.15 

.260 

.82 

Stainless  Steel 

79.6 

3.14 

.283 

.89 

Table  1 


11. 
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Rotation  around  CAX 

a)  The  Multileaf  will  not  be  capable  of  rotation  around  center  axis. 

b)  Software  considerations  for  MLC  rotation  are  not  included  as  a  current 
requirement. 

(1)  Any  future  consideration  for  rotation  will  be  made  in 

software  and  the  individual  leaves  would  be  adjusted 
accordingly. 
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1 2 .  Leaf  Leakage  and  Penumbra 

a)  Penumbra 

(1)  Leaf  is  to  be  designed  to  limit  Interleaf  leakage 

(2)  Penumbra  Height  <  .75mm  around  leaf 

b)  Inter-leaf  leakage 

(1)  Total  leakage  <=  1%  of  delivered  dose  at  275MeV  dose. 

c)  Staggered  leaves  under  dosage  and/or  over  dosage-TBD 

d)  Abutting-leaf  leakage  (Totally  closed) 

(1)  When  leaves  are  required  to  be  totally  closed  for  complete 
proton  beam  blockage,  the  leaves  will  be  moved  to  an  ’’Off 
Center"  abutting  location.  "Off  Center"  locations  will  be 
tested  and  determined  at  the  time  of  detail  design. 

(2)  Total  leakage  <=  1%  %  of  delivered  dose  at  275MeV  dose. 

C.  RELIABILITY  REQUIREMENTS 

1.  MTBF 

.  .  a)  Leaves  >  2  years 

b)  Drives/Primary  Feedback  Devices  >  2  years 

c)  Secondary  Feedback  Devices  >  2  years 

d)  System  =>  1  year 

D.  REPAIR  AND  REPLACEMENT  REQUIREMENTS 

1.  MTTR 

a)  Leaves  <  1  hour 

b)  Ball  Screw  and  Nut  <  2  hour 

c)  Drives/Primary  Feed  Back  Devices  <  4  hours 

d)  Secondary  Feedback  Devices  <  4  hours 

e)  System  <  4  hours 

E.  MAINTENANCE  REQUIREMENTS 

1.  System  is  to  be  re-furbished  annually 

a)  Leaves 

(1)  To  be  inspected  and  replaced  as  required  =>  annually 

(2)  To  be  replaced  =>  3  years 

b)  Ball  Screw  and  Nut 

(1)  To  be  inspected  and  replaced  as  required  =>  annually 

(2)  To  be  replaced  =>  3  years 

c)  Electronic  Components  internal  to  MLC 

(1)  To  be  inspected  and  replaced  as  required  =>  annually 

(2)  To  be  replaced  =>  2  years 

d)  Electronic  Components  External  to  MLC 

(1)  To  be  inspected  and  replaced  as  required  <=  2  years 

(2)  To  be  replaced  <=  20  years 
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2.  Deflection  Validation 

a)  Weekly  for  first  3  months 

b)  Monthly  or  as  determined  to  maintain  reliability 

3.  Manuals 

a)  Maintenance 

b)  Users 

4.  Finite  Lifetime  Components 

a)  Components  with  an  expected  life  of  less  than  20  years  are  to  be 
identified  prior  to  fabrication 

b)  A  maintenance  plan  is  to  be  developed  to  address  spare  parts  for  20 
year  life 

# 

III.  TESTING  AND  EVALUATION 

A.  SCATTER-VS-RESOLUTION 

1.  In  model  analysis,  it  has  been  found  that  a  1cm  leaf  thickness  provides  optimum 
resolution  without  major  degradation  of  resolution.  A  leaf  thickness  less  than 
lcm  does  not  appear  to  dramatically  improve  collimating  resolution  in  most 

.  .  cases  and  the  overall  scattered  resolution  does  not  show  any  significant 

improvement  with  leaves  under  lcm  thick. 

2.  Actual  Scatter-vs-Resolution  tests  are  to  be  conducted  and  completed  prior  to 
final  design  release  of  a  MultiLeaf  collimator. 

B.  LEAF  MATERIAL  AND  GEOMETRY 

1 .  Leaf  material  is  to  be  tested  for  wear  IAW  2.2. 14.5  to  assure  final  materials  will 
meet  and  or  exceed  requirements  prior  to  release  of  final  designs 

2.  Prototype  leaves  are  to  be  tested  to  assure  the  interlocking  geometry/pattem 
meets  and  or  exceed  Leakage  requirements  IAW  2.2.16.2  prior  to  release  of 
final  designs 

3.  Prototype  leaves  are  to  be  tested  to  assure  the  interlocking  geometry/pattem 
meets  and  or  exceed  Penumbra  requirements  IAW  2.2.16.1  prior  to  release  of 
final  designs 

IV.  DELIVERABLES 

A.  DESIGN 

1 .  Complete  Mechanical  Designs  and  Documentation  for  a  MLC,  which  meets  or 
exceed  the  specification  in  this  document 

2.  Complete  Electrical  Designs  and  Documentation  for  a  MLC,  which  meets  or 
exceed  the  specification  in  this  document 

3.  Complete  Software  Designs  and  Documentation  for  a  MLC,  which  meets  or 
exceed  the  specification  in  this  document  and  Multileaf  Collimator  System 
Software  Requirements  Specification  OTI  Document  number  3000260,  Revision 
1.0 
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B.  MANUFACTURING  AND  INSTALLATION 

1 .  A  complete  MLC  Manufactured,  Installed,  Verified,  and  Validated  meeting  or 
exceeding  the  specification  in  this  document  and  Multileaf  Collimator  System 
Software  Requirements  Specification  OTI  Document  number  3000260,  Revision 
1.0 

2.  Complete  Software  Integration,  Verification,  and  Validation  meeting  or 
exceeding  the  specification  in  this  document  and  Multileaf  Collimator  System 
Software  Requirements  Specification  OTI  Document  number  3000260,  Revision 
1.0 
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1.  Introduction 


1.1.  Purpose 

The  goal  of  the  Multi-Leaf  Collimator  (MLC)  project  is  to  produce  requirement  specifications 
for  a  proton  therapy  multi-leaf  collimator.  A  multi-leaf  collimator  i.e.  variable  aperture,  would 
minimize  or  eliminate  the  production  and  disposal  costs  associated  with  custom  apertures  that  are 
currently  being  used.  A  multi-leaf  collimator  would  also  decrease  patient  treatment  times  by 
eliminating  the  need  for  a  radiation  therapist  to  manually  change  the  heavy  apertures  before  each 
treatment. 


1.2.  Scope 

This  document  shall  provide  the  system  level  software  requirements  for  treatment  planning 
interfaces,  configuration,  calibration  and  diagnostic  systems,  software  interfaces,  monitoring 
systems  and  graphic  user  interface  requirements  for  the  MLC  project. 


1.3.  Definitions,  Acronyms,  Abbreviations 
1.3.1.  Definitions 

1 .3.1.1.  Beam  Off 

The  end  of  the  flat  top  region  on  the  dipole  ramp  (event  88) 

1 .3.1.2.  Host  computer 

A  networked  computer  the  application  is  running  on.  The  host  computer 
possesses  a  name  to  identify  it  on  the  network. 

1 .3.1.3.  Multi-Leaf  Collimator 

Multiple  collimators  stacked  to  produce  a  three-dimensional  variable  aperture 
device.  The  Multi-Leaf  collimator  is  typically  automated  to  provide  the 
variability  feature. 

1.3.1.4.  Network  connection 

A  connection  of  one  computer  to  a  network  of  computers  via  network  protocol. 

1.3.1.5.  Network  protocol 

A  set  of  coded  commands  for  computers  to  communicate  on  a  network. 
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1.3. 1.6.  Requirement 

Any  information  (textual  or  graphic)  that  represents  important  information  to 
the  user. 

1 .3.1.7.  User 

The  person,  or  persons  who  operate  or  interact  directly  with  this  product. 


1.3.2.  Acronyms 

1 .3.2.1.  DICOM 

Digital  Imaging  and  Communications  in  Medicine 

1 .3.2.2.  GUI 
Graphical  User  Interface 

1 .3.2.3.  LLUMC 

Loma  Linda  University  Medical  Center 

1. 3.2.4.  MLC 
Multi-Leaf  Collimator 

1. 3.2.5.  NMTB 

National  Medical  Technology  Test  Bed 

1 .3.2.6.  TCP/IP 

Transfer  Control  Protocol/Intemet  Protocol 

1. 3.2.7.  TPS 
Treatment  Planning  System 

1. 3.2.8.  UDP/IP 

User  Datagram  Protocol/Intemet  Protocol 


1.4.  References 

1.4.1.  Configuration  File  Format  Specification 

This  document  describes  the  syntax  and  file  format  of  configuration  files  that  may  be 
used  by  the  ConfigParam  class. 

Document  No.:  3000155 
Rev.  A 

Released:  1997 
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By  Optivus  Technology,  Inc. 


1.4.2,  PBTS  Logging  and  Monitoring,  Field  Service  Support 
Software  Requirements  Specification 

This  document  describes  the  monitoring  requirements  that  support  system  diagnostics 
and  preventive  maintenance. 

Document  No.:  3000XXX 

Rev.  XA 

Released: 

By  Optivus  Technology,  Inc . 

1.4.3.  Graphical  User  Interface  Standard 

This  document  describes  the  graphical  user  interface  standards  for  Optivus  Technology, 
Inc  software  applications. 

Document  No.:  3000150 
Rev.  A 

Released:  1997 
By  Optivus  Technology,  Inc. 


1.4.4.  Multi-Leaf  Requirements  Specification 

This  document  details  the  mechanical  specifications  for  the  Multi-Leaf  Collimator 
project. 

Document  No.:  5000052 

Rev.  XA 

Released: 

By  Optivus  Technology,  Inc. 
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2.  Overall  Description 


2.1.  Product  Perspective 

The  Multi-Leaf  Collimator  (MLC)  planned  for  this  project  will  contain  a  total  of  80  leaves.  The 
leaves  are  precision  machined  corrugated  sheets  of  metal  that  are  stacked  and  individually 
positioned  by  servo  motors.  The  leaves  will  be  assembled  with  40  leaves  on  each  side  of  the 
center  of  axis.  Each  leaf  will  be  aligned  with  the  opposing  leaf  such  that  their  zero  position  will 
be  at  the  center  of  axis.  The  MLC  software  control  system  will  provide  control  and  monitoring 
capability  of  each  leaf  position.  The  software  control  system  will  also  include  leaf  position 
calibration  tools  and  will  retrieve  the  treatment  leaf  positions  from  a  treatment  planning  interface. 


2.1.1.  Hardware  Interfaces 

In  order  to  provide  position  motion  control  of  each  leaf  a  software  system  will  be 
necessary  at  the  hardware  level.  Potentially  80  drive  motors  may  be  necessary  to 
provide  the  rapid  motion  control  of  each  leaf.  The  drive  motors  will  be  specified  in  a 
Mechanical  Requirements  Specification  document.  The  drive  motors  may  have  on 
board  controllers  that  will  provide  monitoring  capability  of  the  motor  position. 
Software  drivers  will  be  used  to  interface  with  these  motors  and  take  advantage  of  on 
board  motor  controls. 


2.1.2.  Data  Interface 

The  LLUMC  proton  facility  treatment  planning  information  must  be  transferred  to  the 
Proton  Beam  Treatment  System  (PBTS)  control  system.  Figure  2-1  provides  an 
overview  of  the  data  flow  that  is  anticipated  between  the  various  systems  involved  in 
the  coordination  of  MLC  treatments.  The  actual  design  may  incorporate  the 
Prescription  storage  and  the  Patient  Treatment  Data  Storage  into  one  storage  location. 


2.1.3.  Communications  Interfaces 

All  communication  will  be  based  on  Berkeley  sockets  and  use  either  Transfer  Control 
Protocol/Intemet  Protocol  (TCP/IP)  or  User  Datagram  Protocol/Intemet  Protocol 
(UDP/IP). 


2.2.  Product  Functions 

In  order  to  successfully  provide  Multi-Leaf  Collimator  patient  treatments,  numerous 
systems  must  be  integrated.  The  treatment  planning  functionality  must  provide  the 
treatment  plan  to  the  PBTS  treatment  control  and  patient  setup/calibration  systems. 
Other  systems,  such  as  the  Digital  Imaging  system,  may  take  advantage  of  a  centrally 
located  patient  data  storage  design. 
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With  an  integrated  treatment  planning  and  PBTS  control  system,  a  more  efficient  and 
responsive  treatment  capability  will  result.  Patient  setup  and  calibration  activities  will 
be  streamlined  and  capable  of  accepting  patient  calibration  factors  created  in  the 
treatment  planning  phase  or  performing  those  calculations  in  the  patient  calibration 
phase,  depending  on  the  needs  of  the  treatment.  The  patient  prescription  will  contain 
the  MLC  positions  which  will  be  retrieved  by  the  PBTS  treatment  control  system. 

Once  the  PBTS  treatment  control  system  has  retrieved  the  patient  specific  treatment 
parameters,  the  information  will  be  directed  to  the  PBTS  accelerator  control  system,  the 
Digital  Imaging  system  and  the  MLC  system.  The  PBTS  treatment  control  system  will 
prepare  for  patient  treatment  by  monitoring  the  patient  preparation  process,  verifying 
the  MLC  system  is  ready  for  treatment  via  predetermined  leaf  position  exercises  and 
retrieving  the  pre-calculated  patient  calibration  factors. 

During  patient  treatment  the  MLC  leaf  positions  will  be  monitored  to  verify  the 
prescribed  positions,  as  well  as  other  prescribed  parameters,  are  maintained.  If  the 
patient  prescription  dictates  new  MLC  leaf  positions,  the  beam  delivery  may  be  delayed, 
(for  leaf  positions  greater  than  5  centimeters),  while  the  system  automatically 
repositions,  without  the  need  of  the  treatment  technologist  entering  the  treatment  room. 
Data  captured  during  the  patient  treatment  will  be  stored  as  a  historical  record  of  the 
treatment. 

The  PBTS  treatment  control  system  or  MLC  control  software  system  will  not 
compensate  for  rotations  in  the  leaf  collimator  positions.  If  rotations  of  the  projected 
field  are  necessary,  it  will  be  accomplished  with  patient  rotation. 
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Figure  2-1.  Data  flow  from  Treatment  Planning  System  to  Proton  Beam  Treatment  System. 
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3.  Specific  Requirements 


3.1.  External  Interface  Requirements 

The  incorporation  of  the  Multi-Leaf  Collimator  (MLC)  capability  into  the  PBTS  shall  require 
modification  to  several  existing  systems.  The  following  paragraphs  detail  the  systems  that  are 
impacted  by  the  addition  of  the  MLC  treatment  capability. 


3.1.1.  Treatment  Planning  System  (TPS) 

The  Treatment  Planning  System  shall  provide  the  patient  treatment  prescriptions  to  a 
storage  location  that  is  accessible  via  the  PBTS  Radiation  Medicine  local  network.  The 
prescription  data  format  shall  be  DICOM. 


3.1.2.  Configuration  File  Format 

The  MLC  software  control  system  shall  follow  the  Optivus  Technology  Inc. 
configuration  file  format  standard  detailed  in  reference  1.4.1.  When  configuration 
parameters  are  applicable,  all  user  interface  applications  shall  follow  the  configuration 
file  format. 


3.1.3.  Hardware  Interface 

The  MLC  software  control  system  shall  have  the  capability  to  issue  commands  and 
receive  readback  information  from  the  motors  used  for  leaf  motion  control.  Detailed 
hardware  interface  requirements  shall  be  documented  based  on  the  motors  described  in 
the  MLC  Mechanical  Specifications  reference  1.4.4. 


3.1.4.  Calibration  System 

A  calibration  system  is  required  for  the  MLC  project  to  determine  calibration  factors 
based  on  the  dose  per  monitor  unit.  A  Patient  Calibration  Model  application  is 
presently  used  to  perform  calibration  factor  calculations  for  non-MLC  treatments. 
Although  the  patient  calibration  functionality  must  exist,  incorporation  of  the  MLC 
calibration  functionality  into  the  current  Patient  Calibration  Model  is  not  a  requirement. 


3. 1.4.1.  Patient  Calibration  System 

The  patient  calibration  system  shall  include  the  capability  to  retrieve  the 
necessary  parameters  contained  in  the  treatment  planning  system  output. 

The  patient  calibration  system  shall  have  the  capability  to  recognize 
prescriptions  that  detail  MLC  patient  calibrations.  The  patient  calibration 
system  shall  perform  the  calibration  factor  calculations  for  each  segment  and 
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store  those  factors  in  the  appropriate  patient  directory.  The  calibration  factor 
calculations  shall  be  stored  in  a  standard  data  format  that  can  be  interpreted  by 
the  treatment  control  system  software. 


3.1.5.  Treatment  Control  System  Software  Interfaces 

The  current  LLUMC  PBTS  treatment  software  shall  be  modified  to  retrieve  patient 
prescription  information  contained  in  the  treatment  planning  files.  The  treatment 
control  system  software  shall  be  modified  to  retrieve  the  patient  calibration  factors  for 
each  segment  in  a  MLC  treatment  from  the  centrally  located  prescription  storage. 

The  treatment  control  system  shall  provide  each  segment’s  leaf  positions,  from  the 
treatment  planning  files,  to  the  MLC  control  system. 

The  treatment  control  system  shall  provide  the  user  MLC  system  status  information. 

The  treatment  control  software  system  shall  record  each  leaf  position  for  each  segment 
that  beam  delivery  occurs.  This  data  shall  be  stored  into  the  appropriate  patient  data 
file. 


3.1.6.  Digital  Imaging  System  Interfaces 

The  Digital  Imaging  systems  that  are  installed  in  the  PBTS  shall  have  access  to  the 
reference  images,  which  are  part  of  the  treatment  plan,  for  the  appropriate  patient.  The 
Digital  Imaging  systems  shall  be  capable  of  interpreting  the  data  format  of  die  treatment 
plans.  The  Digital  Imaging  systems  shall  have  the  capability  to  write  any  alignment 
data  collected  to  the  centrally  located  storage  of  patient  information. 


3.1.7.  User  Interfaces 

In  order  to  verify  correct  multi-leaf  motion  control,  leaf  position  calibration  and  system 
diagnostic  user  interface  functionality  shall  be  provided. 


3.I.7.I.  Leaf  Position  Calibration 

The  MLC  leaf  position  calibration  system  shall  permit  the  user  to  load  and 
command  predetermined  leaf  positions.  The  user  shall  be  provided  a  method  of 
initiating  the  leaf  position  command  sequence.  The  system  shall  provide  the 
user  the  capability  to  display  a  position  readback  and  the  commanded  position 
for  each  leaf.  The  user  shall  have  the  capability  to  issue  a  command  to 
terminate  motion  of  all  leaves. 

The  MLC  leaf  position  calibration  system  shall  provide  the  user  indicators  of 
the  leaf  status  i.e.  in  motion,  halted,  leaf  collision,  motor  stalled,  OK/Not  OK 
to  treat  patients. 

The  MLC  leaf  position  calibration  system  shall  notify  the  user  if  the 
commanded  leaf  position  is  not  achieved  within  the  tolerance.  The  system 
shall  provide  a  method  to  identify  leaves  that  are  out  of  tolerance. 
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If  an  out  of  tolerance  failure  occurs  the  system  shall  identify  the  system  as 
faulted  and  inhibit  beam  delivery.  The  fault  shall  be  removed  upon  successful 
completion  of  a  leaf  position  calibration  test. 


3.I.7.2.  Leaf  Position  Motion  Control  Diagnostics 

The  MLC  leaf  position  motion  control  diagnostic  system  shall  provide  an 
interface  that  permits  the  user  to  save,  load  and  command  leaf  positions.  The 
user  interface  shall  provide  motor  acceleration  and  deceleration  measured 
rates,  motor  status  information,  measured  motor  velocity,  resolver  turns,  and 
measured  motor  position. 

The  MLC  system  shall  provide  the  user  with  the  capability  to  display  the  data 
collected  during  motion  control  testing.  The  system  shall  provide  the  user  the 
capability  to  print  or  save  the  data  collected  at  the  completion  of  a  motion 
sequence  command. 

The  user  shall  be  notified  when  an  out  of  tolerance  condition  results  during 
motion  control  testing. 

The  user  shall  be  provided  a  method  of  initiating  the  leaf  position  command 
sequence.  The  system  shall  provide  the  user  the  capability  to  display  a  position 
readback  and  the  commanded  position  for  each  leaf.  The  user  shall  have  the 
capability  to  issue  a  command  to  terminate  motion  of  all  leaves. 

The  system  shall  provide  the  user  indicators  of  the  leaf  status  i.e.  in  motion, 
halted,  leaf  collision,  motor  stalled,  OK/Not  OK  to  treat  patients. 

The  system  shall  notify  the  user  if  the  commanded  leaf  position  is  not  achieved 
within  the  tolerance.  The  system  shall  provide  a  method  to  identify  leaves  that 
are  out  of  tolerance. 

If  an  out  of  tolerance  failure  occurs  the  system  shall  identify  the  system  as 
faulted  and  inhibit  beam  delivery.  The  fault  shall  be  removed  upon  successful 
completion  of  a  leaf  position  motion  control  test. 


3. 1.7.3.  Patient  Setup/Calibration  System 

The  patient  setup/calibration  system  shall  provide  the  user  the  functionality  to 
create  and  store  patient  prescriptions  to  the  appropriate  patient  directory.  The 
capability  to  setup  and  calibrate  multi-leaf  collimator  treatments  shall  be 
provided  for  the  user. 

The  patient  setup/calibration  system  shall  provide  the  user  a  method  of  viewing 
the  patient  treatment  prescription  parameters  (all  segments). 

The  patient  setup/calibration  system  shall  contain  the  same  user  functionality 
that  currently  exists. 

The  patient  setup/calibration  system  shall  provide  the  user  an  indication  of  a 
potential  leaf  collision  during  the  patient  setup  functionality. 

The  user  shall  be  provided  the  indication  of  a  failed  patient  calibration  attempt 
and  the  reason  of  the  failure. 
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3.2.  Functional  Requirements 
3.2.1.  Initialization 

The  MLC  control  system  shall  command  each  leaf  to  return  to  a  default  position  prior  to 
the  next  patient’s  treatment.  The  default  position  for  each  leaf  shall  be  configurable. 
The  permit  to  continue  patient  treatment  shall  be  disabled  until  the  initialization 
sequence  is  satisfied. 


3.2.2.  Configuration  Parameters 

The  MLC  system  shall  take  advantage  of  configuration  parameters  to  define  those 
system  parameters  that  may  change  throughout  the  life  cycle  of  the  system.  The 
configuration  files  shall  be  text  files  that  do  not  require  a  software  system  be  re¬ 
compiled  when  a  parameter  is  modified.  The  configuration  parameter  files  shall  have 
file  write  restrictions  as  appropriate  depending  the  context  of  the  file.  For  example, 
LLUMC  medical  physics  users  would  have  file  write  access  to  patient  calibration 
configurable  parameters. 

The  MLC  system  treatment  configuration  parameters  and  tolerances  shall  be  used  for  all 
motion  control  tests  in  the  treatment  room. 


3.2.3.  Monitoring  Leaf  Position 

The  system  shall  verify  each  leaf  is  correctly  positioned  with  respect  to  the  commanded 
position  prior  to  beam  delivery.  The  system  shall  monitor  each  leaf  position  during 
patient  treatment  to  verify  the  leaf  position  is  accurately  maintained  within  the 
tolerance.  If  a  leaf  position  is  not  achieved  or  maintained  the  monitor  shall  initiate  a 
signal  to  terminate  beam  delivery.  The  positioning  tolerance  for  each  leaf  shall  be 
configurable. 

The  system  shall  provide  a  stall  detection  function  to  recognize  when  a  leafs  motion 
has  prematurely  halted.  In  the  event  a  motor  stall  does  occur,  the  status  indicators  shall 
be  updated  to  reflect  the  stalled  condition. 


3.2.4.  Leaf  Position  Correction  Factors 

The  weight  of  the  MLC  may  result  in  nozzle  superstructure  deflection  dependant  on  the 
angle  of  the  nozzle  (gantry  angle).  The  system  shall  permit  configurable  leaf  position 
correction  factors  based  on  the  gantry  angle. 


3.2.5.  Leaf  Collision  Avoidance 

The  MLC  system  shall  provide  a  verification  that  the  desired  position  of  the  opposing 
leaves  do  not  result  in  a  collision.  The  leaf  collision  avoidance  check  shall  be 
performed  before  any  leaf  motion  toward  MLC  isocenter.  If  a  potential  leaf  collision  is 
detected,  leaf  motion  shall  be  inhibited. 
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3.2.6.  Calibration  System 

Two  types  of  calibration  systems  are  required  for  the  MLC  project  i.e.  a  calibration 
factor  to  determine  the  dose  per  monitor  unit  and  a  physical  calibration  of  the  motion 
control  of  each  leaf. 

3.2.6.I.  Patient  Setup/Calibration  System 

The  patient  setup/calibration  system  shall  include  the  capability  to  retrieve  the 
necessary  parameters  from  the  treatment  planning  system  output  for  all  patient 
treatments.  The  patient  setup/calibration  system  shall  have  the  capability  to 
setup  the  patient  prescription  files  in  preparation  for  patient  calibrations.  The 
patient  setup/calibration  system  shall  have  the  capability  of  performing  the 
necessary  calculations  to  determine  the  patient  calibration  factors  for  nominal 
patient  prescriptions. 

On  those  prescriptions  that  detail  MLC  treatments,  patient  calibration  factor 
calculations  shall  be  performed  for  each  segment  and  stored  in  the  appropriate 
patient  directory. 

The  system  shall  perform  a  leaf  collision  avoidance  check  as  part  of  the  patient 
setup  functionality.  The  patient  calibration  functionality  shall  not  be  successful 
if  a  potential  leaf  collision  exists. 


3.2.6.2.  Leaf  Position/Motion  Control  Calibration 

The  system  shall  be  capable  of  containing  sets  of  predetermined  leaf  positions. 
The  predetermined  leaf  positions  shall  be  configurable.  Modification  of  the 
predetermined  leaf  positions  shall  be  restricted  to  LLUMC  Medical  Physics 
personnel. 

The  system  shall  have  the  capability  to  provide  an  automatic  leaf  positioning 
sequence.  The  MLC  software  control  system  shall  command  each  leaf  through 
its  entire  range  of  motion.  If  the  commanded  position  is  not  achieved  within 
8.0  seconds  a  failure  report  shall  be  generated  which  inhibits  beam  delivery. 


3.2.7.  Treatment  Control  System  Software 

The  treatment  control  system  software  shall  be  capable  of  permitting  the  requested  dose 
delivered  from  each  MLC  segment.  Once  the  current  dose  has  been  delivered  for  the 
segment,  the  treatment  software  shall  cause  the  beam  delivery  to  pause  if  the  leaf 
position  change  exceeds  5  centimeters.  If  the  leaf  position  is  less  than  5  centimeters,  the 
beam  delivery  shall  not  be  paused.  The  treatment  software  shall  provide  the  next 
segment  leaf  positions  and  command  the  MLC  system  to  reposition.  The  treatment 
software  shall  continue  this  process  until  the  entire  dose  has  been  delivered  for  the 
portal. 


3.2.8.  Error  Messages 

The  MLC  system  shall  provide  error  and  warning  messages  to  the  user.  The  messages 
shall  provide  the  user  detailed  information  to  identify  the  problem  or  faulted  component 
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and  the  symptoms  of  the  failure.  The  MLC  system  shall  follow  the  Optivus 
Technology,  Inc.  accepted  error  numbering  scheme. 


3.2.9.  Message  logger  interface 

The  MLC  system  shall  follow  the  PBTS  logging  specifications  in  reference  1.4.2. 


3.2.10.  Application  information 

Each  MLC  application  shall  provide  information  about  the  application.  The  following 
minimum  information  shall  be  provided:  application  name,  version  number,  part 
number,  and  release  date. 


3.3.  Performance  Requirements 

3.3.1.  Timing  Requirements 

The  application  shall  process  all  its  MLC  leaf  position  monitoring  verification  every 
beam  cycle  after  each  Beam  Off  event.  Leaf  position  monitoring  shall  be  completed 
and  reported  to  the  safety  system  such  that  the  next  beam  spill  may  be  rejected. 


3.3.2.  Multiple  instances 

Multiple  instances  of  the  MLC  control  software  shall  not  be  permitted  within  each 
treatment  room. 


3.4.  Software  System  Attributes 
3.4.1.  Reliability 

The  annual  MLC  software  control  system  uptime  shall  be  greater  than  96  percent. 


3.4.2.  Security 

Access  to  the  MLC  system  shall  be  authorized  by  the  established  PBTS  access  system. 
Access  to  the  patient  treatment  plans  and  data  shall  be  restricted  to  the  appropriate 
personnel. 


3.4.3.  On-Line  Help 

The  MLC  system  shall  provide  an  on-line  help  facility  with  all  graphical  user  interfaces 
for  this  project.  The  on-line  help  shall  be  accessible  to  each  graphical  user  interface. 
The  on-line  help  facility  shall  provide  descriptions  of  the  GUI  application’s 
functionality,  tips  on  usage  and  general  operating  instructions. 
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3.5.  Other  Requirements 

The  MLC  system  Graphical  User  Interfaces  shall  follow  the  Optivus  Technology,  Inc  standard 
guidelines  provided  in  reference  1.4.3. 

3.6.  Portability 

The  MLC  system  portability  requirements  shall  be  addressed  within  the  detailed  requirements. 
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APPENDIX  C:  TREATMENT  PLANNING  SIMULATION  TESTS 


STATEMENT  OF  WORK 


The  Contractor  shall  simulate  the  multi-leaf  collimator  (MLC)  system  using  the 
treatment  planning  computer  application  (TPN).  The  contractor  shall  perform  a  series  of 
test  cases  using  proton  beam  radiation  fields  projected  as  shaped  by  the  MLC.  The 
resulting  dose  distributions  will  be  computed  in  three  dimensions.  A  variety  of  clinical 
disease  sites  will  be  simulated,  and  a  range  of  design  parameters  will  be  varied  for  each 
disease  site. 

The  following  MLC  design  parameters  will  be  varied  in  the  simulation  study: 

1 .  maximum  opening 

2.  leaf  width 

3.  over-run  distance 

•  4.  MLC  to  skin  distance 

The  contractor  shall  be  provided  with  a  list  of  disease  sites  to  test,  and  a  range  for 
each  design  parameter  for  the  given  disease  site.  The  contractor  shall  perform  the  tests, 
collect  dose  distribution  data,  and  prepare  a  detailed  report  of  the  study  results  for  the 
Principal  Investigator. 

•  The  clinical  staff  will  assess  each  test  based  on  the  target  volume  coverage  and 
the  ability  to  spare  nearby  normal  tissue  organs.  In  this  way  an  envelope  of  acceptable 
parameters  can  be  established. 

The  contractor  shall  perform  the  described  tasks  between  June  1 , 1998  and 
August  1, 1998. 


multileaf  cylinder  test  2.txt 


prescribed  dose  =  50gy 

normal  critical  dose  =  45gy 

gantry  1 

no  bolus 

slow  calc 

xy  spacing  .2 

inout  =  . 5 


target  radius  in  z  direction  =  2cm 
normal  radius  in  z  direction  =  4cm 

depth  to  back  of  target  =  11.5 

ntacd  auto  ap  =  .204 

spacing  =  .2 
ntacd  =  .206 
spacing  =  .4 
ntacd  =  .217 
spacing  =  .8 
ntacd  =  .241 

depth  to  back  of  target  =  17.5 

ntacd  auto  ap  =  .201 

spacing  =  .2 
ntacd  =  .222 
spacing  =  . 4 
ntacd  =  .225 
spacing  =  . 8 
ntacd  =  .238 

depth  to  back  of  target  =  27.5 

ntacd  auto  ap  =  .196 

spacing  =  .2 
ntacd  =  .210 
spacing  =  .4 
ntacd  =  .225 
spacing  =  .8 
ntacd  =  .222 


» 
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target  radius  in  z  direction  =  4cm 
normal  radius  in  z  direction  =  6cm 

depth  to  back  of  target  =  11.5 


ntacd  auto  ap  =  .375 

spacing  =  .2 
ntacd  =  .416 
spacing  =  . 4 
ntacd  =  .423 
spacing  =  .8 
ntacd  =  .511 

depth  to  back  of  target  =  17.5 


ntacd  auto  ap  =  .387 

spa'cing  =  .2 
ntacd  =  .382 
spacing  =  .4 
•  ■  ntacd  =  .390 

spacing  =  .8 
ntacd  =  .469 

depth  to  back  of  target  =27.5 


ntacd  auto  ap  =  .459 

spacing  =  .2 
ntacd  =  .458 
spacing  =  .4 
ntacd  =  .469 
spacing  =  .8 
ntacd  =  .517 


target  radius  in  z  direction  =  6cm 
normal  radius  in  z  direction  =  8cm 

depth  to  back  of  target  =  15.5 
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ntacd  =  .500 

spacing  =  .2 
ntacd  =  .507 
spacing  =  . 4 
ntacd  =  .513 
spacing  =  .8 
ntacd  =  .573 
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DOSE  VOLUME  HISTOGRAM 
Patier-t:  JB  test,  patient 
T-issue  Region:  prostate  +  sv 


auto  ap 


DOSE  VOLUME  HISTOGRAM 
-Patient:  JB  test,  patient 
Tissue  Region:  bladder 

auto  ap 


DOSE  VOLUME  HISTOGRAM 
PatienJ::  JB  test,  patient 
Tissue  Region:  rectum 


auto  ap 


DOSE  VOLUME  HISTOGRAM 

Patient:  JB  test,  patient 
Tissue  Region:  bladder 


auto  ap 


10Q 


2Q 


0 


10 


20 

Dose (Gy) 


30 
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Patient:  JB  test,  patient 
Tissue  Region:  rectum 


auto  ap 
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Patient:  JB  test,  patient 
Tissue  Region:  prostate  +  sv 

auto  ap 


Dose (Gy) 
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Patient:  JB  test,  patient 
Tissue  Region:  bladder 
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Patient:  JB  test,  patient 
Tissue  Region:  rectum 

auto  ap 


Dose (Gy) 


40 
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.me  of  Project  Director:  BA^ 


No.  32 

LL  V ARE/Baylink 


DESCRIPTION:  State  the  goal  of  the  project,  including  how  it  relates  to  improving  health  care  and 
noting  the  advanced  technology  that  will  be  developed  or  tested .  Use  succinct  language  to  describe  how 
the  project  goals  will  be  achieved.  Do  not  exceed  the  space  provided. 


The  long-term  goal  of  this  project  is  to  apply  state-of-the-art  technologies  in  gene  therapy  to  increase  the  repair  rate  of  all 
types  of  skeletal  lesions,  including  the  healing  of  uncomplicated  fractures  and  also  non-union  fractures,  the  filling  in  of  large 
bony  defects  due  to  trauma,  the  regeneration  of  bone  in  sites  of  avascular  necrosis,  the  promotion  of  spinal  fusion  in 
degenerative  disc  disease,  and  the  repair  of  bone  density  at  specific  local  sites,  such  as  the  hip,  in  patients  with  generalized 
osteoporosis.  We  propose  to  use  genes  that  code  for  growth  factors,  since  growth  factors  are  known  to  participate  in  the 
normal  repair  process  of  bony  tissue.  The  growth  factor  genes  that  we  have  selected  are  bone  morphogenetic  protein-4 
(BMP-4)  and  basic  fibroblast  growth  factor  (bFGF).  These  two  genes  were  selected  for  several  reasons,  including  the  fact 
that  they  are  the  two  most  potent  bone  formation  stimuli  that  have  been  discovered.  Moreover,  these  two  growth  factor 
proteins  have  different  mechanisms  of  action  and,  as  such,  could  act  synergistically  to  increase  bone  formation.  The 
feasibility  of  the  proposed  work  has  been  documented  by  our  work  and  that  of  others  with  peptide  growth  factors.  If  the 
growth  factors  are  effective,  it  is  quite  tenable  that  the  corresponding  gene  therapy  would  also  be  effective,  because  in  the 
proposed  work  we  will  use  gene  therapy  as  a  sophisticated  growth  factor  delivery  system.  Gene  therapy  has  several 
advantages  over  inoculating  growth  factor  proteins  themselves,  including  the  fact  that  one  inoculation  of  growth  factor  genes 
into  an  osseous  lesion  could  result  in  growth  factor  being  present  for  a  much  longer  period  of  time  than  might  be  achieved 
by  direct  administration  of  the  growth  factor  peptide.  While  we  have  good  evidence  that  gene  therapy  is  feasible  for  skeletal 
repair,  what  we  do  not  know  is  the  experimental  conditions  which  would  allow  us  to  employ  gene  therapy  to  stimulate 
deposition  of  a  large  amount  of  bone  in  a  short  period  of  time,  which  is  a  requirement  for  many  skeletal  lesions.  This  is  the 
basis  of  the  proposed  work,  namely  to  optimize  gene  therapy  for  skeletal  repair.  More  specifically  we  propose  to  1)  inject 
the  BMP-4,  bFGF  and  combinations  of  the  non-viral  expression  vectors  driven  with  the  viral  CMV  promoter  directly  into 
the  rat  tibial  proximal  metaphyseal  marrow  space  test  site  and  2)  inject  the  same  therapeutic  genes  in  a  non-viral  expression 
vector  that  is  driven  by  a  bone  cell  specific  promoter  developed  from  the  bone  sialoprotein  (BSP)  gene.  These  experiments 
will  provide  us  with  the  information  to  optimize  gene  therapy  for  the  repair  of  skeletal  lesions.  If  our  results  are  promising 
(as  we  anticipate  from  our  preliminary  data),  this  would  warrant  a  strong  effort  towards  developing  gene  therapy  techniques 
in  larger  test  animals  and  eventually  humans. 
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I.  Introduction 

The  long-term  goal  of  this  project  is  to  apply  state  of  the  art  gene  therapy  to 
increase  the  healing  rate  of  all  types  of  bone  defects.  Such  therapy  would  be  applicable 
to  all  types  of  skeletal  lesions,  such  as  the  healing  of  fractures,  including  non-union 
fractures,  the  promotion  of  spinal  fusion  in  degenerative  disk  disease,  and  the  building  up 
of  bone  density  at  specific  sites,  such  as  the  hip,  in  patients  with  generalized  osteoporosis. 
The  genes  we  have  chosen  are  growth  factor  genes  that  are  known  to  participate  in  the 
normal  repair  process  of  skeletal  tissues.  Specifically,  we  have  selected  basic  fibroblast 
growth  factor  (bFGF)  and  bone  morphogenetic  protein-4  (BMP-4),  two  of  the  most 
potent  bone  formation  stimuli  discovered  to  date.  These  two  growth  factor  proteins  have 
different  mechanisms  of  action  and  may  act  synergistically  to  increase  bone  formation.  It 
is  our  hypothesis  that  both  growth  factors  applied  in  combination  will  lead  to  formation 
of  bone  with  better  mechanical  properties  than  the  application  of  each  factor  alone.  In 
order  to  test  this  hypothesis  during  our  three  year  program,  we  proposed  to:  1)  develop 
BMP-4  and  bFGF  expression  vectors  and  optimize  transfection  of  cells  for  growth  factor 
production;  2)  demonstrate  that  the  growth  factor  produced  by  transfected  cells  is 
biologically  active;  3)  establish  stable  cell  lines  (stromal,  fibroblast  or  osteoblast)  from 
cells  transfected  with  optimized  plasmid  vectors  producing  BMP-4  and  bFGF  to  produce 
the  appropriate  concentration  of  growth  factor  to  form  bone  when  inoculated  into  the 
marrow  space  of  the  proximal  rat  tibia;  4)  determine  the  optimal  dose  and  the  optimal 
exposure  time  for  producing  bone  in  our  test  site;  5)  determine  if  there  is  a  synergism 
between  BMP-4  gene  expression  and  bFGF  gene  expression  to  increase  bone  formation. 
These  experiments  will  provide  us  with  the  information  to  optimize  gene  therapy  for  the 
repair  of  skeletal  lesions. 

II.  Objectives  for  Period  (12/1/1999-11/30/2000) 

The  first  goal  for  this  period  was  to: 

•  Determine  if  cells  expressing  both  of  the  growth  factors,  bFGF  and  BMP-4,  stimulate  bone 
formation  in  the  rat  tibial  marrow  cavity  more  than  each  growth  factor  separately. 

The  steps  required  to  complete  this  aim  include: 

•  Inject  cells  producing  bFGF  and  BMP-4  into  the  test  site  and  determine  levels  of  growth 
factors  expressed  and  amount  of  bone  formation. 

•  Inject  plasmid  DNA  alone  and  complexed  with  carrier  reagents  and  determine  the 
amount  of  bone  formation  in  the  test  site. 

•  Develop  histological  methods  to  detect  bFGF  and  BMP-4  by  immunohistochemistry  in 
the  test  site. 

•  Optimize,  by  location  and  sample  site  selection,  the  use  of  pQCT  for  the  measurement  of 
bone  formation. 
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The  second  goal  for  this  period  was  to: 

•  Develop  a  natural  promoter  from  the  bone  specific  human  Bone  Sialoprotein  (BSP)  gene  to 
replace  the  viral  promoter  in  an  enhanced  plasmid  vector  which  will  express  therapeutic 
levels  of  BMP-4  and  bFGF  when  injected  into  the  test  site. 

The  steps  required  to  complete  this  goal  include: 

•  Preparation  of  the  BSP  promoter  region  from  genomic  DNA 

•  Insertion  of  the  BSP  promoter  into  a  plasmid  vector  so  that  promoter  specificity 
could  be  evaluated. 

•  Insertion  of  the  BSP  promoter  into  the  VR1012  vector  in  place  of  a  viral  promoter  to 
express  marker  genes  and  therapeutic  genes. 

•  Prepare  osteoblasts  which  express  the  bFGF  and  BMP-4  under  the  control  of  the  BSP 
promoter. 

•  Inject  the  osteoblasts  which  express  the  growth  factors  into  the  test  site  and  measure 
bone  formation. 


III.  Progress  Report  for  Period  from  12/1/1999-6/1/2000 

A.  Preparation  of  a  BMP-4  plasmid  expression  vector  which  produces  therapeutic 
levels  of  biologically  active  BMP-4. 

1 .  Development  of  the  BMP-4  Bioassay 

We  have  already  reported  that  10b  Cos-7  cells  produce  up  to  100  ng/ml  of  BMP-4-HA 
in  the  CM  as  determined  by  western  blot  analysis  with  an  anti-HA  antibody  within  24 


Figure  1.  Analysis  of 
BMP-4  expression  products 
and  bioactivity  from  various 
MLV  BMP  cDNA  expression 
vectors.  Upper  panel.  BMP4  and 
BMP-2/4  protein  with  or  without 
the  HA  epitope  tag  was  secreted 
from  HT1080  cells  after 
transduction  with  MLV  vectors. 
More  BMP  was  secreted  when 
cells  were  transduced  with 
BMP2/4  than  with  BMP4.  The 
HA  tag  did  not  reduce  protein 
expression. 

Lower  panel.  The  CM  from 
HT1080  cells  after  transduction 
with  various  MLV  vectors  was 
collected  and  used  to  condition 
C2C12  cells.  Only  CM  from 
HT1080  cells  transduced  with 
MLV  based  BMP2/4  vectors 
showed  significant  biological 
activity  (stimulation  of  ALP 
activity).  80  ng/ml  of  rhBMP4 
was  added  to  the  CM  to  stimulate 
ALP  activity. 


BMP2/4 


BMP2/4HA 
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Empty 

Vector 


BMP2/4  BMP2/4HA  BMP4  BMP4HA  Empty  rhBMP4 

Vector 

hours.  It  then  became  important  to  verify  that  HA-tagged  BMP-4  was  biologically  active. 
To  this  end,  a  differentiation  assay  was  developed  based  on  the  ability  of  BMPs  to 
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increase  alkaline  phosphatase  (ALP)  activity  (a  marker  of  osteoblast  differentiation)  in 
C2C12  mouse  myoblasts  to  evaluate  BMP -4  HA  activity.  To  perform  an  ALP  activity 
assay,  C2C12  cells  were  plated  at  1-5  x  104  cells  per  24  well  plate  overnight  in  500  ul  of 
DMEM/10%  fetal  bovine  serum.  The  medium  was  replaced  with  conditioned  media 
(CM)  for  24  hours  by  HT1080  cells  transfected  with  a  BMP-4  viral  vector.  ALP  activity 
was  determined  24  hours  after  media  replacement. 

ALP  activity  can  be  visualized  in  cell  populations  using  the  Sigma  ALP  staining  kit. 
ALP  activity  can  also  be  quantitated  as  previously  described  (Anh,  et  al.  1998). 

2.  Evaluation  of  the  bioactivity  of  the  BMP-4HA  protein. 

Protein  production  and  bioactivity  from  the  constructs,  BMP -4  HA,  BMP -4,  BMP- 
2/4,  BMP-2/4-HA  in  a  murine  leukemia  virus  (MLV)  viral  vector,  were  compared  after 
transduction  of  HT1080  cells.  Serum  free  media  from  transduced  cells  was  collected 
after  48  hours  of  conditioning  and  assayed  by  western  blot  or  was  applied  to  C2C12  cells 
to  assay  for  bioactivity.  Figure  1  (upper  panel)  indicates  that  from  10-100  fold  higher 
levels  of  BMP2/4  was  secreted  from  HT1080  cells  transduced  with  a  BMP2/4  expression 
vector  compared  to  cells  transduced  with  a  BMP-4  expression  vector.  This  was  consistent 
with  previous  studies  (Hammonds,  et  al.  1990)  indicating  that  cells  transfected  with  a 
BMP2/4  hybrid  vector  secreted  more  BMP-4  than  did  cells  transduced  with  the  wild  type 
BMP-4  vector. 

In  addition,  and  more  importantly,  the  BMP2/4HA  and  the  BMP-4HA  polypeptides 
were  not  biologically  active  while  the  BMP2/4  and  BMP-4  polypeptides  were 
biologically  active.  Figure  1  (lower  panel)  indicates  changes  in  ALP  activity  observed 
after  conditioning  C2C12  cells  with  media  from  transduced  cells.  CM  from  cells 
transduced  with  the  BMP-2/4  hybrid  vector  contains  more  biologically  active  BMP-4 
than  cells  transduced  with  other  vectors.  From  these  results,  the  decision  to  use  the 
BMP-2/4  hybrid  cDNA  for  VR1012  plasmid  vector  development  was  initiated. 

3.  Preparation  of  a  VR1012  with  a  hygromycin  resistance  gene  for  growth  factor  gene 
insertion  and  stable  clone  selection. 

Because  only  1/500  cells  expressed  p-gal  after  transient  transfection  with  two 
separate  plasmid  vectors  (pcDNA3.1  with  a  neomycin  resistance  gene  and  the  enhanced 
expression  VR1012  vector  with  P-gal),  selection  of  stable  clones  expressing  high  bFGF 
or  BMP-4  protein  would  be  difficult  and  expensive  if  thousands  of  clones  had  to  be 
screened  as  was  required  to  select  a  high  P-gal  expressing  stable  clone  for  marking  and  in 
vivo  test  studies.  Therefore,  a  1.5  kb  hygromycin  resistance  cassette  was  isolated  from 
the  pUC19-TK-hyg  vector  after  digestion  with  BamHI/Hindlll  and  was  introduced  into 
the  Bal  I  site  of  VR1012  after  blunt  end  ligation.  This  cassette  was  inserted  into  VR1012 
in  2  orientations  and  selected  with  a  negative  orientation  relative  to  the  CMV  promoter 
driven  cassette  to  create  hyg-VR1012.  This  was  also  selected  in  this  way  to  reduce 
transcriptional  interference  between  the  adjacent  transcription  units  to  increase  overall 
expression  from  this  vector. 

4.  Development  of  a  hybrid  BMP-2/4  cDNA  for  insertion  into  the  hygVR1012  vector 

Hammonds,  et  al  (1991)  found  that  the  Bone  Morphogenetic  Protein  (BMP)4  was 

expressed  in  mammalian  cells  at  very  low  levels  and  that  related  BMP2  was  expressed  at 
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much  higher  levels.  A  hybrid  BMP2/BMP4  cDNA  comparable  to  that  described  by 
Hammonds  was  prepared  to  improve  BMP4  expression  in  fibroblasts  and  marrow  stromal 
cells  by  Dr.  Peng  of  the  MDC  Viral  Core  facility.  To  prepare  this  hybrid  BMP,  full  length 
BMP2  and  BMP4  cDNAs  were  prepared  by  PCR.  Bal  I  restriction  fragments  were 
prepared  from  each  BMP  which  divided  them  into  prepro  and  mature  BMP  fragments. 
Hybrid  BMP2/4  contained  prepro  BMP2  and  mature  BMP4  and  was  housed  in  the  pBS 
plasmid  vector  (Stratagene). 

To  prepare  the  hygromycin  selectable  BMP2/BMP4  hybrid  VR1012  vector,  several 
steps  were  required:  1)  the  BMP2/BMP4  cDNA  was  removed  from  the  pBS  vector  with 
Not  I  and  Cla  I;  2)  the  5’  overhangs  were  removed  with  mung  bean  nuclease  to  form 
blunt  ends  for  ligation;  3)  the  hygVR1012  vector  (see  section  B.2.  below)  was  digested 
with  EcoRV  to  create  blunt  ends  for  subsequent  ligation;  4)  the  BMP2/BMP4  cDNA 
fragment  was  combined  with  the  linear  VR1012  vector  in  a  1:1  molar  ratio  and  ligated  at 
12  °C  overnight;  and  5)  the  ligation  products  were  introduced  into  competent  INVaF’ 
(Invitrogen)  cells  and  several  clones  were  tested  by  PCR  for  the  BMP  insert.  Insert 
orientation  was  determined  by  restriction  enzyme  analysis. 

One  clone  which  contained  the  full  length  BMP2/4  cDNA  insert  in  the  forward 
orientation  relative  to  the  CMV  promoter  was  sequenced.  A  full  length  cDNA  in  the 
correct  orientation  is  ready  for  transfection  into  Cos-7  cells  for  assessment  of  protein 
production  levels  and  amount  of  biologically  active  protein  produced  before  preparation 
of  stable  fibroblast  clonal  cell  populations. 

5.  Development  of  a  BMP2/4  protein  expression  assay. 

a.  RIA:  The  core  assay  laboratory  of  the  MDC  attempted  to  establish  an  RIA  for  BMP4 
or  the  BMP2/4  hybrid  using  several  of  the  best  commercial  antibodies  available.  The 
assays  were  not  sensitive  below  the  50  ng  range  and  therefore  were  not  adequate  for  our 
experiments. 

b.  Development  of  a  BMP-4  Western  blot  procedure  that  can  be  used  for  BMP-2/4  and 
BMP-4  determination. 

The  MDC  Core  Assay  Lab  have  developed  and  optimized  the  BMP4  Western  blot 
procedure  for  analysis  of  BMP4  expression  after  retroviral  transductions.  This  assay  will 
be  used  to  follow  BMP-4  production  from  cells  transfected  with  the  hygVR1012-BMP2/4 
vector.  To  conduct  this  assay  the  hygVR1012  BMP2/4  vector  will  be  transiently 
transfected  into  105  HT1080  cells  and  the  CM  will  be  collected  48  h  after  transfection 
and  stored  at  -20  °C.  The  cells  will  then  be  lysed  and  the  lysate  stored  at  -20  °C.  Cell 
lysates  and  CM  will  then  be  run  on  a  12%  polyacrylamide  gel  and  blotted  onto  PVDF 
membranes.  BMP4  is  detected  by  ECL  (Enhanced  Chemiluminescence,  Pierce)  after 
incubation  with  an  anti-human  BMP4  monoclonal  antibody  (R  &  D  Systems)  at  a 
concentration  of  0.5  ug/ml  of  purified  IgG.  Human  recombinant  BMP-4  (Research 
Diagnostics  Inc,  Flanders,  NJ)  is  used  as  the  standard. 

B.  Development  of  other  hygVR1012  expression  vectors. 

1.  Concentrations  of  hygromycin  required  to  select  stable  cell  lines.  In  order  to  determine 
the  selection  conditions  for  various  cell  populations  with  hygromycin,  cultures  of  rat 
stromal  cells,  osteoblasts  and  fibroblasts  were  exposed  to  a  range  of  toxin  concentrations 
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from  50-250  ug/ml.  The  concentrations  that  we  found  effective  in  killing  untransfected 
cells  were  50  ug/ml  for  stromal  cells  and  osteoblasts  and  100  ug/ml  for  fibroblasts, 
respectively. 

2.  Development  of  the  hygVR1012-bFGF  expression  vector. 

bFGF  was  inserted  into  the  hygVR1012  vector  and  was  used  to  transfect  Cos-7 
cells.  The  bFGF  ELISA  of  the  CM  indicates  that  the  new  hygVR1012  vector  expressed 
bFGF  at  levels  similar  to  the  original  VR1012  vector  (88%  +  19%  of  control,  n=6).  The 
insertion  of  the  hygromycin  cassette  immediately  adjacent  to  the  CMV  promoter  did  not 
impair  expression  of  bFGF.  It  is  anticipated  that  preparation  of  this  vector  will  provide 
more  positive  clones  for  stable  stromal,  fibroblast  and  osteoblast  cell  line  preparation 
compared  to  the  dual  plasmid  vector  transfection  scheme  utilized  previously.  No  adherent 
stable  stromal  clones  expressing  (5 -gal  or  bFGF  were  generated  using  the  dual  plasmid 
vector  transfection  scheme. 

3.  Development  of  B-gal  hygVR1012  vector. 

The  p-gal  cDNA  was  removed  from  the  pcDNA3. 1  vector  (Invitrogen)  with  Not  I. 
The  cDNA  insert  was  inserted  into  the  Not  I  site  of  VR1012.  This  vector  will  be  used  for 
marking  studies  to  follow  cell  populations  in  vivo. 

4.  Development  of  the  VR1012  SEAP  vector  and  SEAP  assay  protocols.  Because  the 
results  obtained  with  0-gal  in  the  past  could  frequently  not  be  carried  over  to  our  growth 
factor  constructs,  we  wanted  an  alternative  reporter  construct  to  provide  a  marker  gene 
control  of  a  secreted  protein.  A  good  candidate  is  the  secreted  human  placental  alkaline 
phosphatase  (SEAP)  system,  which  has  been  recently  used  as  a  model  to  study  the 
kinetics  and  regulation  of  expression  of  secreted  proteins.  Vical  has  provided  the  SEAP- 
VR1012  plasmid  vector  (called  VR3301). 

The  assay  for  the  heat  resistant  secreted  enzyme  is  extremely  sensitive  and 
inexpensive.  Methods  for  tissue  staining  of  alkaline  phosphatase  (ALP)  activity  and  for 
analysis  of  this  activity  in  the  serum  have  been  established  in  our  laboratory.  We 
determined  that  all  endogenous  enzymes  are  inactivated  by  the  heat  inactivation  step  (30 
min  at  65  °C)  both  in  the  conditioned  medium  and  in  the  cell  lysates.  On  a  per  cell  basis, 
osteoblasts  secrete  the  highest  amount  of  SEAP  into  the  medium,  while  secreted  levels 
from  stromal  cells  and  fibroblasts  were  73%  and  25%  respectively  of  the  osteoblast 
value.  The  lower  level  in  fibroblasts  was  due  to  the  lower  transfection  efficiency. 

Heat-resistant  ALP  activity  in  the  cell  lysates  was  remarkably  low,  indicating  that 
osteoblasts  secreted  97%  and  stromal  cells  91%  of  the  total  enzyme  activity  (cell  lysates 
in  fibroblasts  were  below  the  detection  limit  of  the  assay).  From  these  results  we  can 
conclude  that  the  stromal  cells  which  in  our  experience  have  not  secreted  growth  factors 
very  well,  have  the  capability  of  secreting  SEAP  very  efficiently.  This  may  therefore 
warrant  a  closer  look  at  the  SEAP  signal  sequence,  which  is  the  unmodified  22  amino 
acid  signal  of  human  placental  ALP.  The  only  modification  of  this  construct  was  to 
truncate  the  C-terminal  of  the  protein  coding  region,  thereby  eliminating  the  membrane 
anchor  domain  of  the  native  enzyme. 
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C.  Preparation  of  stable  cell  lines  expressing  marker  genes  or  growth  factors. 

1 .  Use  of  alternative  transfection  methods  to  create  cells  for  selection  of  stable  clones 
producing  growth  factors. 

In  order  to  increase  the  chance  to  get  stable  genomic  integration  of  the  plasmid  and 
strong  expression,  we  tried  different  transfection  methods. 

Effectene  (Qiagen)  was  superior  in  the  number  of  stable  clones  produced  to  the 
calcium  phosphate  precipitation  method,  superfect  (Qiagen)  or  electroporation  with  linear 
VR1012  plasmid.  Effectene  was  used  to  prepare  the  hygVR1012-(3-gal  and  hygVR1012- 
bFGF  clonal  cell  populations  described  below. 

We  found  that  marrow  stromal  cells  and  osteoblasts  stopped  growing  during  or 
soon  after  the  selection  process  was  complete  and  could  not  be  used  to  provide  the  stable 
clonal  cell  lines  that  expressed  marker  genes  or  growth  factors.  We  have  therefore 
focused  our  efforts  on  the  production  of  stable  fibroblast  cell  lines  because  1)  Dr.  Qin,  an 
MDC  investigator,  was  able  to  maintain  the  adult  skin  fibroblasts  under  selection  for 
more  than  6  months  after  transduction  with  an  MLV  vector  expressing  PTH  and  2)  in 
fibroblasts,  we  have  maintained  p-gal  expression  from  the  hygVR1012-P-gal  vector 
under  hygromycin  selection  for  6  weeks,  which  is  longer  than  demonstrated  by  stromal 
cells  and  osteoblasts. 

2. Establishment  of  stable  rat  fibroblast  cell  lines  expressing  growth  factor  or  marking 
genes  for  in  vivo  studies. 

a.  General  transfection  and  stable  clone  isolation  protocol. 

Effectene  transfection  was  used  to  prepare  stable  fibroblasts.  On  the  day  prior  to 
transfection,  5  X  105  cells  were  plated  per  10  cm  dish  in  DMEM  with  10%  calf  serum 
(CS).  The  transfection  mixture  was  prepared  according  to  the  manufacturers  instructions 
and  contained,  per  dish,  15  ug  of  plasmid  DNA  solubilized  in  500  ul  of  EC  buffer,  45  ul 
of  Enhancer,  35  ul  Effectene,  and  4  ml  of  DMEM  with  10%  CS.  The  cells  were  washed 
with  serum-free  DMEM  and  then  incubated  with  the  transfection  mixture  for  5  h  at  37  C. 
After  washing  with  DMEM,  the  cells  were  again  cultured  in  DMEM  with  10%  CS. 
Hygromycin  B  (100  ug/ml)  was  added  48  h  after  transfection  and  the  medium  was 
changed  every  3-4  days.  Resistant  colonies  were  isolated  with  cloning  rings  after  2-3 
weeks,  and  transferred  to  6-  well  plates. 

b.  Preparation  of  stable  rat  fibroblasts  with  hvgVR1012-(3-gal. 

Normal  rat  skin  fibroblasts  from  adult  rats  were  transfected  with  linear  plasmid  DNA. 
Cells  were  grown  in  a  selection  medium  and  clonal  populations  were  selected,  frozen  or 
expanded.  Clonal  cell  lines  expressing  p-gal  have  been  obtained. 

c.  Preparation  of  stable  rat  fibroblasts  with  hygVR1012-bFGF. 

Normal  skin  fibroblasts  from  adult  rats  were  transfected  and  selected  as  described 
above.  Selection  is  on-going  and  has  been  conducted  as  described  in  the  previous 
section.  Sixty  individual  clones  are  now  being  followed  for  stability  and  level  of  growth 
factor  production.  The  lines  have  been  stable  for  6  weeks. 

d.  Preparation  of  stable  rat  fibroblasts  with  hygVR1012-BMP2/4 

Stable  cell  lines  will  be  produced  as  described  above  as  soon  as  protein  expression 
levels  and  biological  activity  can  be  assessed  in  Cos-7  cells  that  are  transiently 
transfected  with  the  hygVR1012-BMP2/4  vector. 
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3.  Use  of  the  photochemical  transfection  method  to  prepare  large  numbers  of  transiently 
transfected  cells. 


In  order  to  increase  the  number  of  transfected  cells  that  can  be  used  for  selection 
of  stable  transfectants  with  hygromycin,  or  to  prepare  a  large  number  of  transiently 
transfected  cells  that  could  be  used  directly  for  in  vivo  gene  therapy  experiments  if  stable 
lines  cannot  be  maintained,  we  will  test  the  recently  described  photochemical  transfection 
method  (Hogset,  et  al,  2000).  The  authors  have  described  transfection  efficiencies  with 
various  cell  lines  between  40-60%.  We  expect  that  this  will  greatly  increase  the  number 
of  positive  clones,  since  our  optimal  transfection  efficiencies  using  the  Effectene  reagent 
are  2-4%  for  normal  rat  fibroblasts. 


To  conduct  photochemical  transfection,  cells  are  incubated  with  aluminum 
phthalocyanine  photosensitizer  ALPcS2a  (Porphyrin  Products,  Logan  UT)  for  18  h. 
Plasmids  are  complexed  with  poly-L  lysine  at  a  charge  ratio  of  1 .7  and  the  cells  are 
transfected  with  25  ug  of  DNA  per  10  cm  petri  dish.  The  cultures  are  then  exposed  for  4 
minutes  to  a  light  source  through  a  long-pass  filter  with  550-600  nm  cutoff  in  order  to 
activate  the  photosensitizer.  This  light  activation  leads  to  rupture  of  endosomal  and 
lysosomal  membranes,  releasing  the  endocytosed  plasmid  DNA  into  the  cytosol. 
Subsequent  selection  for  transfected  cells  in  hygromycin  and  testing  of  individual  clones 
for  growth  factor  expression  will  then  be  carried  out  according  to  standard  procedures. 


D.  Development  of  the  rat  tibia  model  for  gene  therapy. 

1 .  In  vivo  testing  of  B-galactosidase  marked  marrow  stromal  cells  for  engraftment. 
Normal  rat  marrow  stromal  cells  were  transduced  with  an  MLV  virus  which 

Figure  2.  Genetically  altered 
rat  marrow  stromal  cells 
(MSCs)  do  not  effectively 
engraft  in  the  rat  tibial  marrow 
space  after  injection. 

Upper  panel.  Longitudinal 
section  of  tibia  with  arrows 
showing  position  of  drill  holes 
used  for  cell  injection.  50  ul  of 
MSCs  (2  x  106)  transduced  with 
MLV-P-gal  virus  and  expressing 
P-gal  were  injected  into  the  site  2 

drill  hole.  Maintenance  of  P-gal  ™  — 

expressing  MSCs  in  this  site  was 
evaluated  at  1  h,  24  h  and  6  days 
after  injection  by  histology. 

Lower  panel.  Histologic  staining 
of  P-gal  expressing  MSCs  in  the 
marrow  1  h  after  injection.  A  few 
P-gal  expressing  cells  (blue 
stained  cells)  were  found  in  the 
marrow  1  day  after  injection  but 
no  cells  were  observed  6  days 
after  injection  (data  not  shown). 


expressed  P-gal  to  mark  the  cells  so  that  the  fate  of  cells  could  be  followed  in  vivo. 
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These  cells  were  used  to  study  the  expression  patterns,  location  and  lifetime  of  these 
marrow  stromal  cells  after  being  injected  into  the  tibial  site.  When  2  x  106  of  these  cells 
were  injected  in  50  ul  of  PBS  into  the  marrow  cavity,  many  blue  cells  were  found  in  the 
marrow  cavity  after  histological  staining  lh  after  injection  (Figure  2).  A  few  cells 
remained  after  24  h  but  after  6  days  no  p-gal  producing  cells  were  found  in  the  rat  bone 
marrow  (data  not  shown).  In  contrast,  when  the  same  P-gal  producing  marrow  stromal 
cells  were  attached  to  Cytodex  beads  (collagen  coated  dextran  beads),  P-gal  stained  cells 
were  observed  up  to  day  6  (Figure  3).  These  results  indicate  that  to  retain  cells  in  this  test 


Figure  3.  Survival  of  genetically  modified  rat 
marrow  stromal  cells  (MSCs)  attached  to 
cytodex  beads  in  the  tibia  marrow  space. 
Upper  panel.  MSCs  attached  to  Cytodex  beads 
(170  pm  average  diameter)  were  stained  for  (J- 
gal  activity.  Blue  staining  indicates  that  MSCs 
attached  to  the  bead  surface  continued  to 
express  P-gal  activity. 

Middle  panel.  A  cross-section  of  the  tibia  was 
examined  for  the  presence  of  Cytodex  beads 
after  injection  into  the  marrow  cavity  through 
the  site  2  drill  hole  (Fig.  2).  Backlighting  of  the 
sample  was  used  to  show  the  location  of  the 
Cytodex  beads  (center)  in  the  metaphyseal 
marrow  cavity.  Cortical  bone  appears  as  a  dark 
outline  surrounding  the  marrow  cavity. 

Lower  panels.  Sections  prepared  from  the  tibia 
6  days  after  injection  of  cytodex  beads  with  P- 
gal  MSCs  were  stained  for  P-gal  activity.  Two 
views  of  the  same  section  show  a  cluster  of 
beads  with  very  strong  P-gal  staining  (left),  and 
beads  with  fewer  blue  P-gal  positive  cells 
(right).  This  indicates  that  significant  numbers 
of  genetically  altered  P-gal  expressing  cells 
remained  at  the  tibial  test  site  when  a  carrier 
material  such  as  cytodex  beads  is  present 
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site,  they  must  be  attached  to  a  carrier  material.  Based  on  this  information,  we  have 
begun  to  test  collagen  based  matrix  materials  for  effects  on  cell  viability  that  could  be 
used  to  maintain  our  genetically  engineered  cells  in  the  tibial  test  site. 
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2.  Use  of  a  collagen  matrix  to  imbed  cells  for  in  vivo  implantation. 

Several  publications  describe  the  use  of  acid  soluble  collagen  either  from  the  rat  tail 
or  from  bovine  skin  for  the  preparation  of  embedded  cells  for  in  vivo  implants.  While 
cells  are  not  dividing  in  this  matrix,  they  remain  viable  and  retain  the  ability  to  secrete 
proteins.  An  injectable  or  implantable  collagen  matrix  has  been  used  by  others  as  a 
delivery  and  depot  vehicle  for  plasmids  or  ex  vivo  modified  cells.  Using  acid  soluble 
bovine  skin  collagen  from  Sigma  and  procedures  described  in  the  literature,  we  have  been 
able  to  get  consistent  gel  formation  after  the  neutralized  collagen  solution  is  warmed  to 
37  °C.  We  have  embedded  P-gal  expressing  fibroblasts  in  this  matrix  and  found  that  the 
cells  are  viable  in  culture  for  at  least  two  weeks. 

A  recent  publication  by  Krebsbach,  et  al.  (2000)  has  shown  that  fibroblasts  expressing 
BMP-7  when  incorporated  into  collagen  based  gelfoam  led  to  bone  formation  in  a  critical 
size  defect  in  the  calvaria  of  rats. 

Based  on  these  studies  and  our  results,  we  will  inject  plasmid  DNA  in  the  semi-solid 
collagen  gel  with  and  without  non-toxic  lipid  transfection  reagents.  We  will  also  inject 
the  semi-solid  gel  containing  the  stably  producing  fibroblast  cell  lines  and  fluorescent 
beads  into  the  tibial  test  site.  The  fluorescence  from  the  beads  will  provide  a  mechanism 
to  determine  if  the  cells  and  collagen  gel  remain  at  the  test  site  for  the  duration  of  the  in 
vivo  experiment.  An  amendment  to  include  non-toxic  biomaterials  (collagen,  beads  and 
lipids)  with  cell  injections  into  the  tibial  test  site  will  be  submitted  to  our  animal 
committee  for  its  July  meeting  for  consideration  of  this  minor  change  in  animal  protocol. 

E.  Development  of  immunohistochemical  staining  of  bFGF  for  in  vivo  localization. 

Dr.  Wergedal  and  Dr.  Shen  in  the  MDC  Histology  Core  Laboratory  have 
developed  the  immunohistochemical  method  to  locate  bFGF  protein  expression  at  sites  of 
bone  formation  (Figure  4).  To  conduct  this  assay,  bone  samples  were  sectioned 
(5pm/section).  These  sections  were  deparaffinized,  rehydrated  to  H2O  and  incubated  in 
3%  H2O2  in  70%  methanol/PBS  for  15  minutes.  The  samples  were  blocked  with  15% 
normal  goat  serum  for  30  minutes  at  room  temperature.  The  following  immunostaining 
procedures  were  carried  out  at  37  0  to  40  °C  with  an  automatic  immunostainer  (Ventana, 

A Z).  The  specimens  were  first  digested  for  12  minutes  in  0.2%  hyaluronidase  in  0.1  M 
sodium  acetate  buffer  for  antibody  penetration.  The  sections  were  rinsed  with  TBS  and 
the  sections  were  incubated  for  32  minutes  with  diluted  monoclonal  anti-human  bFGF 
antibodies  (Upstate  Biotechnologies,  New  York),  rinsed  with  TBS  and  then  incubated  for 
8  minutes  in  a  biotinylated  goat  anti-mouse  IgG  antibody  (Ventana,  AZ).  Human  bFGF 
on  the  specimens  was  visualized  by  incubation  of  these  specimens  with  streptavidin- 
horseradish  peroxidase  (HRP),  DAB  and  hydrogen  peroxide.  The  sections  were  then 
counter-stained  with  hematoxyline  and  mounted  in  permount.  The  specificity  of 
immunostaining  was  determined  by  incubating  sections  in  the  absence  of  the  primary 
antibody.  The  slides  were  prepared  from  bone  samples  that  were  obtained  from  a  critical 
defect  model  where  gelfoam  (an  absorbable  gelatin  matrix,  Pharmacia  &  Upjohn  Co., 
Kalamazoo,  MI)  was  filled  with  recombinant  bFGF  protein.  Figure  4  demonstrates  that 
bFGF  protein  is  located  along  the  bone  forming  surface  and  on  the  surface  of  osteoblasts. 
This  assay  is  thus  ready  to  use  to  verify  expression  of  the  bFGF  in  fibroblasts  that  will  be 
embedded  in  collagen  gel  in  our  tibial  test  site. 
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Figure  4. 

Immunohistochemical 
localization  of  bFGF  on 
osteoblasts  at  the  bone 
forming  surfaces. 

To  develop  a  bFGF 
immunohistochemical  staining 
method,  residual  histological 
sections  of  rat  calvarial  bone 
were  taken  from  a  critical  size 
defect  model  experiment  where 
the  defect  had  been  filled  with 
bFGF  protein  in  collagen  based 
gelfoam  to  increase  the  healing 
rate.  The  upper  and  lower 
panels  show  that  in  two  separate 
samples,  bFGF  protein  can  be 
detected  with  anti-bFGF  at  the 
bone  forming  surface  on 
osteoblasts.  The  primary  anti- 
bFGF  antibody  was  detected 
with  a  secondary  antibody 
conjugated  to  horseradish 
peroxidase  (HRP).  HRP  activity 
appears  as  a  brown  stain. 


F.  Conclusions. 

Summary  of  Results: 

•  We  have  developed  hygromycin  selectable  enhanced  plasmid  vectors  which  express 
P-gal,  bFGF,  and  BMP-2/4.  We  are  in  the  process  of  preparing  stable  fibroblast  cell 
lines  which  express  therapeutic  levels  of  the  growth  factor  proteins.  Many  more 
stable  clones  are  produced  with  this  vector  than  with  our  previous  dual  vector  system. 

•  We  have  prepared  a  BMP-4  hybrid  molecule  and  have  inserted  it  into  the  hygVR1012 
vector  which  is  capable  of  being  secreted  and  is  biologically  active  after  it  is  secreted. 

•  We  have  developed  an  in  vivo  injection  model  using  cytodex  beads  which  will  retain 
our  genetically  engineered  cells  expressing  the  test  gene  in  the  test  site  for  at  least  6 
days. 

•  We  have  constructed  the  hBSP  promoter  from  genomic  DNA  and  found  it  to  be 
expressed  more  in  osteoblasts  than  other  cell  types,  however  expression  is  very  low 
compared  to  typical  expression  from  the  viral  promoters  after  transient  transfection. 

For  the  final  six  months  of  study  funding  to  complete  the  first  specific  aim,  we  will 
introduce  fibroblast  cells  expressing  bFGF,  BMP2/4  or  fibroblast  cells  expressing  both 
growth  factors  attached  to  cytodex  beads  into  the  tibial  marrow  test  site  and  evaluate 
bone  formation  at  weekly  intervals.  We  will  introduce  the  plasmids  expressing  BMP-4 
and  bFGF  in  a  collagen  gel  into  the  marrow  of  the  tibia  and  evaluate  bone  formation  by 
pQCT  analysis.  Completion  of  these  experiments  depends  on  the  ability  of  the  collagen 
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gel  to  maintain  fibroblasts  or  plasmid  DNA  in  the  site  for  at  least  one  week  and  also  on 
our  ability  to  prepare  stable  fibroblast  cell  lines  that  continually  produce  therapeutic 
levels  of  each  growth  factor. 

In  its  present  form,  the  BSP  promoter  provides  only  low  levels  of  expression  in 
osteoblasts  and  would  not  be  able  to  express  therapeutic  levels  of  growth  factor  protein 
from  the  enhanced  VR1012  plasmid  vector.  The  BSP  promoter  is  large  and  it  is  possible 
that  inhibitory  sequences  exist  in  the  full  length  promoter  region  which  reduce 
expression.  It  might  be  possible  to  remove  these  putative  inhibitory  sequences  by 
preparing  a  smaller  core  promoter  and  it  would  then  be  possible  to  complete  the  second 
aim  of  the  proposed  studies.  This  BSP  core  promoter  would  consist  of  the  proximal 
promoter  sequence  that  is  conserved  across  species.  The  promoter  would  be  inserted  into 
the  pGL3  vector  and  would  be  used  to  transiently  transfect  osteoblasts  and  fibroblasts  to 
determine  if  the  remaining  sequence  directs  high  levels  of  osteoblast  specific  expression. 
Experiments  to  test  this  hypothesis  will  be  conducted  during  the  last  6  months  of  the 
proposed  studies.  A  full  deletion  analysis  of  the  2.3  kb  BSP  promoter,  however,  is 
beyond  the  scope  of  the  proposed  studies  with  the  current  staff. 
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Patents 

There  are  no  patent  applications  pending,  submitted  or  approved  related  to  the 
ongoing  studies. 

Commercialization 

The  research  proposed  in  this  application  is  entirely  in  the  basic  research  phase  of 
technology  development.  It  is  possible,  if  experiments  are  successful  during  the  last 
period  of  funding,  that  a  proof  of  principle  describing  that  the  combination  of  growth 
factors  that  we  have  chosen  is  better  at  forming  bone  than  the  individual  components, 
will  be  established.  At  that  point,  it  is  possible  that  intellectual  properties  could  be 
patented. 


No.  33 

LLVARE/Mohan 


APPENDIX  1 


1.  MANUSCRIPT:  Postnatal  and  Pubertal  Skeletal  Changes  Contribute 
Predominantly  to  the  Differences  in  Peak  Bone  Density  Between 
C3H/HeJ  and  C57BL/6J  Mice,  C.  Richman,  S.  Kutilek,  N.  Miyakoshi, 
A.K.  Srivastava,  W.  Beamer,  L.R.  Donahue,  C.  Rosen,  J.E.  Wergedal, 
D .J.  Baylink  and  S.  Mohan.  (Submitted  to  JBMR). 

2.  ABSTRACT:  Postnatal  and  Pubertal  Skeletal  Changes  Predominantly 
Contribute  to  the  Differences  in  Peak  Bone  Density  Between  C3H/HeJ 
and  C57BL/6J  Mice,  C.  Richman,  S.  Kutilek,  N.  Miyakoshi,  A.K. 
Srivastava,  W.  Beamer,  L.R.  Donahue,  C.  Rosen,  J.E.  Wergedal,  D.J. 
Baylink  and  S.  Mohan.  (Submitted  to  the  Endocrine  Society). 


L 


POSTNATAL  AND  PUBERTAL  SKELETAL  CHANGES  CONTRIBUTE 
PREDOMINANTLY  TO  THE  DIFFERENCES  IN  PEAK  BONE  DENSITY  BETWEEN 

C3H/HEJ  AND  C57BL/6J  MICE* 

(submitted  to  JBMR) 

C.  RICHMAN1,  S.  KUTILEK1,  N.  MIYAKOSHI1,  A.K/SRIVASTAVA1,  W.  BEAMER2,  L.R. 
DONAHUE2,  C.  ROSEN3,  J.  WERGEDAL1,  D  J.  BAYLINK1  and  S.  MOHAN  . 

1 JL  Pettis  YA  Medical  Center  and  Loma  Linda  University,  Loma  Linda,  CA,  Jackson 
Laboratories,  Bar  Harbor,  ME.  and  3St.  Joseph  Hospital,  Bangor,  ME. 


Running  title:  Skeletal  changes  in  mice  during  puberty 


*The  view,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should 
not  be  construed  as  a  position,  policy,  decision  or  endorsement  of  the  Federal  Government  or  the 
National  Medical  Technology  Testbed,  Inc. 


1 


A.  Abstract 

Previous  studies  have  shown  that  60-70%  of  peak  bone  density  is  genetically  determined. 
The  higher  the  peak  bone  density,  the  less  likely  anindividual  is  to  eventually  develop 
osteoporosis.  Therefore,  the  amount  of  bone  accrued  during  postnatal  and  pubertal  growth  is  an 
important  determining  factor  in  the  development  of  osteoporosis.  We  evaluated  the  contribution 
of  skeletal  changes  before,  during  and  after  puberty  to  the  development  of  peak  bone  density  m 
C3H/HeJ  (C3H)  and  C57BL/6J  (B6)  mice.  Volumetric  bone  density  and  geometric  parameters 
at  the  middiaphysis  of  femora  were  measured  by  pQCT  from  day  7  through  56.  Additionally, 
biochemical  markers  of  bone  turnover  in  serum  and  bone  extracts  were  quantified.  Both  B6  and 
C3H  mice  showed  similar  body  and  femoral  weights.  B6  mice  had  greater  middiaphysial  total 
bone  area  and  thinner  cortices  than  did  C3H  mice.  Within  strains,  males  had  thicker  cortices 
than  did  females.  C3H  mice  accumulated  more  mineral  throughout  the  study,  with  the  most 
rapid  accumulation  occurring  postnatally  (day  7-23)  and  during  pubertal  maturation  (day  23-31). 
C3H  mice  had  higher  volumetric  bone  density  as  early  as  day  7,  with  males  tending  to  have  a 
higher  volumetric  bone  density  than  did  females.  Higher  serum  IGF-I  was  present  in  C3H  mice 
postnatally  until  day  23.  Until  day  35,  B6  mice  had  significantly  higher  serum  osteocalcin. 
Alkaline  phosphatase  was  found  to  be  significantly  higher  in  the  bone  extract  of  C3H  mice  until 
day  23.  These  data  are  consistent  with  and  support  the  hypothesis  that  the  greater  amount  of 
bone  accrued  during  postnatal  and  pubertal  growth  in  C3H  mice  compared  to  B6  mice  may  be 
due  to  increased  cortical  thickness  caused  by  increased  endosteal  bone  formation  and  decreased 
endosteal  bone  resorption. 

Key  words:  bone  density,  puberty,  IGF-I,  osteocalcin,  C3H/HeJ  and  C57BL/6J  mice 
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POSTNATAL  AND  PUBERTAL  SKELETAL  CHANGES  PREDOMINANTLY  CONTRIBUTE  TO 
THE  DIFFERENCES  IN  PEAK  BONE  DENSITY  BETWEEN  C3H/HEJ  AND  C57BL/6J  MICE.*  C. 
Richman,  D.J.  Baylink,  S.  Kutilek,  N.  Miyakoshi,  A.K.  Srivastava,  W.  Beamer,  L.R.  Donahue,  C.  Rosen, 
J.  Wergedal  and  S.  Mohan.  JL  Pettis  VA  Medical  Center  and  Loma  Linda  University,  Loma  Linda,  CA; 
Jackson  Laboratories,  Bar  Harbor,  ME;  and  St.  Joseph  Hospital,  Bangor,  ME. 


Previous  studies  have  shown  that  60-70%  of  peak  bone  density  is  genetically  determined.  The  higher  the 
peak  bone  density,  the  less  likely  an  individual  is  to  eventually  develop  osteoporosis.  Therefore,  the 
amount  of  bone  accrued  during  postnatal  and  pubertal  growth  is  an  important  determining  factor  in  the 
development  of  osteoporosis.  We  evaluated  the  contribution  of  skeletal  changes  before,  during  and  after 
puberty  to  the  development  of  peak  bone  density  in  C3H/HeJ  (C3H)  and  C57BL/6J  (B6)  mice. 

Volumetric  bone  density  and  geometric  parameters  at  the  mid-diaphysis  of  femora  were  measured  by 
pQCT  in  both  males  and  females  from  day  7  through  56  at  weekly  intervals.  Both  B6  and  C3H  mice 
showed  similar  body  and  femoral  weights.  B6  mice  had  greater  mid-diaphysial  total  bone  area  and 
thinner  cortices  than  did  C3H  mice.  Within  strains,  males  had  thicker  cortices  than  did  females.  C3H 
mice  accumulated  more  mineral  throughout  the  study,  with  the  most  rapid  accumulation  occurring 
postnatally  (day  7-23)  and  during  pubertal  maturation  (day  23-31).  C3H  mice  had  higher  volumetric  bone 
density  than  B6  mice  as  early  as  day  7.  The  rate  of  bone  density  gain  in  C3H  mice  during  postnatal  and 
pubertal  growth  was  twice  that  of  B6  mice,  though  it  was  not  different  after  puberty.  To  evaluate  if  the 
greater  accumulation  of  bone  during  postnatal  and  pubertal  periods  in  C3H  mice  compared  to  B6  mice  is 
due  to  increased  bone  formation,  we  measured  ALP  activity  in  bone  extracts.  C3H  mice  exhibited 
significantly  greater  ALP  activity  in  the  femoral  bone  extract  than  did  B6  mice  at  the  time  when  maximal 
differences  in  bone  density  between  the  two  strains  occur.  In  addition,  bone  extract  ALP  showed 
significant  positive  correlation  with  bone  density  during  postnatal  periods.  Because  IGF-I  is  an  important 
growth  factor  regulating  bone  formation,  we  evaluated  the  relationship  between  IGF-I  level  in  serum  and 
changes  in  bone  accretion  between  C3H  and  B6  mice.  We  found  serum  IGF-I  levels  increased 
dramatically  during  postnatal  growth  in  both  strains  and  that  C3H  mice  had  significantly  higher  serum 
IGF-I  levels  compared  to  B6  mice.  Serum  IGF-I  levels  also  showed  significant  positive  correlation  with 
bone  density  and  bone  extract  ALP  activity  during  postnatal  period.  [underline|Conclusions:  [/underline] 
1)  The  greater  amount  of  bone  accrued  during  postnatal  and  pubertal  growth  in  C3H  mice  compared  to 
B6  mice  led  to  increased  cortical  thickness  caused  by  increased  endosteal  bone  formation  and  decreased 
bone  resorption.  2)  Two  growth  periods,  namely  postnatal  and  pubertal,  are  critical  to  the  development  of 
peak  bone  density  between  C3H  and  B6  mice.  3)  The  genes  that  are  differentially  expressed  in  the 
skeleton  of  C3H  and  B6  mice  during  postnatal  and  pubertal  growth  may  provide  clues  regarding  genes 
that  contribute  to  the  differences  in  bone  density  between  these  two  strains. 

*The  view,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be 
construed  as  a  position,  policy,  decision  or  endorsement  of  the  Federal  Government  or  the  National 
Medical  Technology  Testbed,  Inc.  This  project  was  sponsored  with  funds  by  the  U.S.  Department  of  the 
Army  and  the  National  Medical  Technology  Testbed,  Inc. 
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The  long-term  goal  of  this  project  is  to  identify  the  mechanisms  responsible  for  the  accelerated  bone  formation  (BF),  seen 
during  puberty,  that  culminates  in  the  acquisition  of  peak  bone  density  (BD)  at  the  end  of  puberty.  The  higher  the  peak 
BD  the  less  likely  an  individual  is  to  develop  senile  osteoporosis.  Hence,  the  amount  of  bone  formed  during  puberty  i.e., 
peak  BD  attained,  is  a  very  important  determining  factor  in  the  development  of  osteoporosis  later  in  life.  Therefore, 
identifying  the  molecular  mechanisms  involved  in  the  BF  occurring  during  puberty  is  extremely  important  to  our 
understanding  of  the  cause,  potential  prevention  and  treatment  of  osteoporosis.  This  project  will  focus  on  the  role  of  the 
growth  hormone  (GH)/insulin-like  growth  factor  (IGF)  axis,  an  important  growth  factor  system  in  bone,  which  has 
previously  been  shown  to  be  upregulated  during  puberty.  In  our  studies  on  the  role  of  GH/IGF-I  axis  in  regulating  peak 
BD,  we  propose  to  use  mouse  models  for  a  number  of  reasons,  including  the  recent  development  of  transgenic  mice 
deficient  in  GH  and/or  IGF-!.  As  a  means  of  testing  the  hypothesis  that  skeletal  changes  that  occur  during  puberty  are 
mediated  in  part  by  upregulation  of  IGF  system  components  followed  by  corresponding  increase  in  BF,  we  will  first 
determine  the  serum  levels  of  the  stimulatory  IGF  system  components  as  a  function  of  time  during  puberty  in  normal  mice 
and  then  correlate  these  measurements  with  BF  parameters  obtained  during  the  same  time  period.  We  anticipate  an 
increase  in  GH  first,  followed  by  IGF-I,  BF  markers,  and  finally  BD,  in  that  order.  To  extend  these  correlative  data,  we  will 
seek  cause  and  effect  relationship  by  determining  if  the  increase  in  BF  during  puberty  is  caused  by  the  preceding 
ncrease  in  the  production  of  IGF  system  components  by  comparing  changes  in  BF  in  mice  deficient  in  GH  or  IGF-I  action 
with  those  of  control  mice  during  puberty.  If  our  hypothesis  that  GH/IGF-I  axis  plays  a  major  role  in  regulating  peak  BD  is 
correct,  we  should  be  able  to  rescue  the  BF  deficit  in  GH  deficient  mice  by  daily  treatment  of  mice  deficient  in  GH  action 
with  GH  and/or  IGF-I  during  puberty.  We  will  therefore  treat  GH  deficient  mice  with  various  doses  of  GH  or  IGF-I  daily 
:hroughout  puberty  to  evaluate  the  changes  in  BF  parameters  and  BD.  We  believe  that  comparison  of  skeletal  phenotype 
*  changes  that  occur  during  puberty  using  transgenic  mice  deficient  in  GH/IGF-I  action  and  control  mice  will  help  unravel 
i  lot  only  the  physiological  role  of  these  growth  regulatory  peptides  but  also  their  mechanism  of  action.  The  clinical 
:  significance  of  this  study  is  as  follows.  The  GH/IGF-I  axis  is  an  important  determinant  of  peak  BD  and  may  have 
i  mportant  ramifications  for  identifying  individuals  at  risk  for  developing  osteoporosis.  We  anticipate  that  the  impending 
1  indings  of  this  study  will  provide  important  information  regarding  1)  strategies  to  treat  GH  deficient  children  with  GH 
« ind/or  IGF-I  to  increase  peak  bone  mass  during  puberty,  and  2)  future  development  of  novel  therapies  to  increase  peak 
I  $D  by  upregulating  the  GH/IGF-I  axis  during  puberty.  The  attainment  of  peak  BD  to  a  higher  level  could  lead  to  a 
( lecrease  in  the  incidence  of  osteoporosis  and  its  associated  health  care  costs.  _ 
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INTRODUCTION 

The  long-term  goal  of  this  project  is  to  identify  the  mechanisms  responsible  for  the  accelerated 
bone  formation  seen  during  puberty  that  culminates  in  the  acquisition  of  peak  bone  density  at  the 
end  of  puberty.  The  higher  the  peak  bone  density  the  less  likely  an  individual  is  to  develop 
senile  osteoporosis.  Hence,  the  amount  of  bone  formed  during  puberty  (i.e.,  peak  bone  density 
attained)  is  a  very  important  determining  factor  in  the  development  of  osteoporosis  later  in  life. 
Therefore,  identifying  the  molecular  mechanisms  involved  in  the  bone  formation  occurring 
during  puberty  is  extremely  important  to  our  understanding  of  the  cause,  potential  prevention, 
and  treatment  of  osteoporosis.  In  this  regard,  the  objective  of  this  proposal  is  to  determine  the 
role  of  growth  hormone/insulin-like  growth  factor  (GH/IGF)  axis  in  the  regulation  of  bone 
formation  that  occurs  during  puberty.  In  our  studies  on  the  role  of  GH/IGF-I  axis  in  regulating 
peak  bone  density,  we  have  used  mouse  models  for  a  number  of  reasons,  including  the  recent 
development  of  transgenic  mice  deficient  in  growth  hormone  and  IGF-I.  Our  goal  of  the 
proposed  studies  in  year  1  was  to  evaluate  serum  levels  of  IGF  stimulatory  system  components 
in  a  temporal  manner  during  sexual  development  in  mice  and  correlate  these  measurements  with 
biochemical  measurements  of  bone  formation,  bone  resorption,  and  bone  density.  Our 
hypothesis  in  this  study  is  that  there  is  an  increase  in  IGF-I,  followed  by  changes  in  bone 
formation,  ultimately  resulting  in  an  increase  in  bone  density. 

DETAILED  PROGRESS  REPORT 

We  performed  two  studies  during  the  first  year.  In  the  first  study,  we  evaluated  the  skeletal 
changes  that  occur  during  pre-pub ertal,  pubertal,  and  post-pubertal  periods  in  two  strains  of 
mice,  a  strain  with  low  bone  density  and  a  strain  with  high  bone  density.  In  the  second  study,  we 
evaluated  the  temporal  changes  in  IGF  system  components  and  biochemical  markers  of  bone 
formation  during  puberty.  Our  results  in  these  two  studies  are  summarized  below. 
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STUDY  1:  Skeletal  Changes  During  Pre-pubertal,  Pubertal,  and  Post-pubertal  Periods 
in  C57BL/6J  and  C3H/HeJ  Mice. 


1.  Experimental  Design  &  Methods. 

We  used  C3H/HeJ  (C3H)  and  C57BL/6J  (B6)  for  our  puberty  studies  because  C57BL 
and  C3H  exhibit  lowest  and  highest  peak  bone  density  among  various  inbred  strains  of  mice.  To 
evaluate  the  relative  contribution  of  skeletal  changes  occurring  during  puberty,  to  peak  bone 
density  difference  between  the  two  strains,  we  compared  skeletal  changes  during  puberty  in 
C57BL  and  C3H  mice.  Breeder  C57BL  and  C3H  mice  were  obtained  from  The  Jackson 
Laboratory  and  used  to  generate  offspring  belonging  to  various  age  groups.  At  days  23,  31,  35, 
42,  49,  and  56,  the  mice  were  sacrificed  and  blood  was  collected  and  used  for  biochemical 
measurements  of  bone  formation  and  bone  resorption.  Bones  were  collected  and  used  for  bone 
density  measurements,  as  well  as  for  biochemical  measurements  of  bone  formation.  Serum  was 
also  used  for  measurements  of  IGF  system  components.  Nine  animals  were  used  for  each  time 
point.  Both  males  and  females  were  studied.  Offspring  from  several  litters  were  included  in 
each  time  point  to  rule  out  artifacts  due  to  litter  size.  The  precision  of  pQCT  measurements  was 
less  than  6%,  while  that  of  biochemical  measurements  was  less  than  15%. 

2.  Results. 
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Figure  1:  Body  weight  changes  in  males  &  females  of 
C57BL/6J  &  C3H/HeJ  mice  during  &  after  puberty. 
Boxes  represent  SEM  &  bars  represent  SD. 
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Figure  2:  Dry  bone  weight  changes  in  males  and  females 
of  C57BL/6J  &  C3H/HeJ  mice  during  &  after  puberty. 
Boxes  represent  SEM  &  bars  represent  SD. 


a.  Body  Weight.  Body  weight  increased  by  60% 
and  33%,  respectively,  during  puberty  in  female 
and  male  C57BL  mice.  In  C3H  mice,  the 
puberty-induced  gain  in  body  weight  represented 
an  increase  of  58%  and  43%,  respectively,  in 
females  and  males  (Figure  1).  There  was  no 
significant  difference  in  body  weight  gain 
between  C3H  and  C57BL  strains  during  puberty. 
The  rate  of  gain  in  body  weight  during  puberty 
(0.4  -  0.8  gm/day)  was  much  greater  than  the  rate 
of  gain  in  body  weight  after  puberty  (0.1  -  0.2 
gm/day).  Our  studies  also  showed  that  the  body 
weight  gained  during  puberty  was  significantly 

higher  in  males  than  in  females  in  both  strains 
(0.8  gm/day  in  males  vs.  0.5  gm/day  in  females). 
During  Year  2,  the  role  of  growth  hormone 
(GH)/IGF-I  axis  in  mediating  the  changes  in 
somatic  growth  during  puberty  will  be  studied 
using  transgenic  mice  deficient  in  GH  and  IGF-I 
action. 

b.  Bone  Weight.  Consistent  with  our  earlier 
studies  in  humans,  we  found  evidence  for  rapid 
gain  in  bone  mass  during  puberty  in  mice. 
Between  days  23  -  31,  dry  bone  weight  increased 
by  63%  and  61%,  respectively,  in  male  and 
female  C57BL  mice  (Figure  2).  Similar  increases 
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in  bone  weight  (68%  and  55%,  respectively)  were  also  seen  in  males  and  females  of  C3H  mice. 
The  rate  of  increase  in  bone  weight  per  day  (1.14  vs.  1.0  mg/day)  during  puberty  was  10-20% 
higher  in  C3H  mice  than  in  C57BL  mice,  despite  no  differences  in  body  weight  gain  during  the 
same  period.  We  also  found  that  the  gain  in  bone  weight  was  about  2-3  times  higher  during 
puberty  than  after  puberty  in  both  strains  of  mice.  This  rapid  increase  in  bone  weight  of  55  - 
65%  during  the  period  of  sexual  maturation  (i.e.,  23-31  days)  suggests  that  this  period  is  critical 
in  the  acquisition  of  peak  bone  mass.  Thus,  puberty  provides  a  unique  window  in  time  to 
evaluate  the  potential  mechanisms  responsible  for  changes  in  bone  mass,  as  large  increases  in 
bone  mass  occur  during  the  period  of  sexual  maturation. 

c.  Total  Mineral  Content.  The  total  mineral 
j  j  j(|  |  |  1  |  j  content  (mg/slice)  was  evaluated  at  the  mid- 

I  s 12  ~t . t  rjpf”  . ]  F . ~ . |  'T .  diaphysis  using  pQCT.  The  total  mineral  content 

I  u  o.6  — - ....  was  jncrease(j  by  74%  and  50%,  respectively, 

S  o.o I — 1 — 1 — — 1—1—1 — II — ^ — i— — I — i — i — I  during  puberty  in  males  and  females  of  C57BL 
|  j  !  |  j  I  mice.  The  increase  in  total  mineral  content  was 

1 1 ia . f  65%  in  both  sexes  during  puberty  in  C3H  mice 

|  °  o,6  -^b-4 — )■ — j — - mM~ j.— , — | -  (Figure  3).  The  mineral  accumulation  per  day  at 

oqI  !  1  I  .  i  .  II  . _ _ _ 1 _ _ i _ _ _ I  mid-diaphysis  was  2  -  2.5-fbld  greater  during 

Male  Female  puberty  compared  to  post-pubertal  period.  In 

Day  addition,  this  study  also  shows  that  the  increase  in 

Figure  3:  Totalmineralcontent  *  femoral  mid-diaphysis  total  mineral  content  was  40%  and  50%  greater 

after  puberty.  Boxes  represent  sem  &  bars  represent  sd.  during  puberty  in  male  and  female  C3H  mice  than 

in  C57BL  mice.  These  data  suggest  that  an 
accumulation  of  minerals  occurs  at  a  much  more  rapid  pace  in  the  C3H  mice  during  puberty  than 
in  the  C57BL  mice.  Therefore,  studies  on  the  molecular  mechanisms  that  contribute  to  the 
differences  in  mineral  accumulation  between  the  two  strains  during  this  critical  period  may 
provide  important  clues  on  the  genes  that  control  bone  growth  during  puberty. 

The  increase  in  total  mineral  content  during  puberty  (23  -  3 1  days)  was  about  20-30% 
higher  in  males  than  in  females  of  C57BL  and  C3H  strains.  The  question  of  whether  sex-steroid 
bo,,  hormones  play  an  important  role  in  mediating  the 

roo _ 1 1 _ _ _ i _ _ | _ _4 _ _ _ | — i —  differences  in  the  bone  mineral  content  gained 

"e  1 5oo — 14 - -i-Jg,. - i - 1- —  L— -  between  the  two  different  sexes  in  C3H  and 

|  °  300 - - C57BL  strains  of  mice  requires  further  studies. 

g  -  ■  ■  •  ■  :  '  '  :  ",  d.  Total  Bone  Density.  As  bone  density  is  one 

1  700  _ j  1  _ | _  of  the  main  determinants  of  fracture  risk, 

|  |  soo . — Mifl- _ L . . L si _ i. _  maximizing  bone  density  at  skeletal  maturity 

£  soo  -  2- i  -1  — 4 - ~3~— . 4 - 1 -  (peak  bone  mass)  is  a  logical  strategy  to  protect 

,0°l  &  it  il  «  «  *  "  is  31  Js  42  4^  so  against  osteoporosis.  In  our  studies  to  use  the 
Mal*  Famal*  mouse  as  a  model  to  understand  the  molecular 

Day  mechanisms  that  contribute  to  the  rapid  changes 

Figure  4:  Total  bone  density  at  femoral  mid-diaphysis  in..  .  . .  Al_  ,  j  ♦  u 

male  &  female  C57BL/6J  &  C3H/HeJ  mice  during  &  after  in  ^One  density  that  OCCUT  dunng  puberty,  we 

puberty.  Boxes  represent  SEM  &  bars  represent  SD.  found  that  bone  density  increases  between  35% 

and  45%  in  the  males  and  females  of  C57BL 

mice.  The  bone  density  also  increases  between  35%  and  40%  in  the  males  and  females  of  C3H 

mice  (Figure  4).  Our  studies  also  show  that  the  gain  in  bone  density  was  much  greater  during 

puberty  (2.5  -  3-fold)  compared  to  post-pubertal  period  in  both  C57BL  and  C3H  strains  of  mice. 
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Therefore,  studies  on  the  molecular  mechanisms  that  contribute  to  the  rapid  increase  in  bone 
density  during  this  critical  period  of  sexual  maturation  are  important  to  identify  treatment 
strategies  to  increase  peak  bone  density. 

Comparison  of  bone  densities  in  the  C3H  and  C57BL  strains  of  mice  show  that  the  bone 
densities  were  about  72%  higher  in  both  males  and  females  of  the  C3H  strain  compared  to  the 
C57BL  strain  at  day  23  (i.e.,  before  puberty).  Furthermore,  the  gain  in  bone  density  during 
puberty  was  greater  in  C3H  mice  than  in  C57BL  mice  (152  mg/cm2  vs.  107  mg/cm2).  These  data 
demonstrate  that  changes  occurring  during  pre-pubertal  and  pubertal  periods  contribute 
predominantly  to  the  observed  differences  in  peak  bone  density  between  C3H  and  C57BL 
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Figure  5:  Femoral  bone  length  in  male  &  female 
C57BL/6J  &  C3H/HeJ  mice  during  &  after  puberty.  Boxes 
represent  SEM  &  bars  represent  SD. 


strains. 

e.  Bone  Length.  In  previous  studies  we  found 
that  metacarpal  length  increased  significantly  in 
girls  during  the  period  of  sexual  maturation.  In 
order  to  determine  if  a  similar  increase  in  bone 
length  occurs  during  the  period  of  sexual 
maturation  in  mice,  we  measured  changes  in  bone 
length  during  puberty.  Our  data  show  that  femur 
bone  length  increased  by  about  15%  in  males  and 
females  of  both  C3H  and  C57BL  strains  (Figure 
5).  The  rate  of  increase  in  bone  length  is  about  3 
to  5  times  greater  during  puberty  compared  to 
post-pubertal  period.  For  example,  in  C3H  males, 
bone  length  increased  by  0.021  mm/day  between 
23  and  31  days  compared  to  the  rate  of  increase  of 
0.004  mm/day  between  days  35  and  42.  Thus,  our  data  in  mice  demonstrating  rapid  skeletal 
changes  during  the  period  of  sexual  maturation  provides  experimental  evidence  for  usefulness  of 
the  mouse  model  for  mechanistic  studies. 

Because  of  the  importance  of  GH/IGF  axis  in  regulating  skeletal  growth,  and  because  the 
GH/IGF  axis  is  up-regulated  during  puberty  in  both  humans  and  in  mice  (see  section  III.C.10.), 
our  subsequent  studies  will  be  focused  on  the  role  of  the  GH/IGF  axis  in  mediating  the  rapid 
increase  in  bone  length  that  occurs  during  puberty.  The  issue  of  how  sex  steroid  hormones 
interact  with  the  GH/IGF  axis  in  mediating  this  rapid  increase  in  bone  length  will  also  be  a 
subject  of  future  study. 

f.  Periosteal  and  Endosteal  Circumference.  The  rapid  increase  in  bone  density  during  the 
period  of  sexual  maturation  could  be  due  to  an  increase  in  bone  formation  and/or  a  decrease  in 
bone  resorption  at  the  periosteum  and/or  endosteum.  We,  therefore,  evaluated  the  changes  in 
periosteal  and  endosteal  circumferences  in  C57BL  and  C3H  strains  of  mice  before,  during,  and 
after  puberty.  Our  data  show  that  periosteal  circumference  increased  by  10%  in  the  males  of 
both  C57BL  and  C3H  strains  of  mice  during  the  period  of  puberty  (i.e.,  between  days  23  to  31). 
The  increase  in  periosteal  circumference  in  the  females  was  about  7%  (Figure  6).  Based  on  the 
previous  findings  that  an  increase  in  GH  expression  in  the  erythroid  cells  using  the  (3-globin 
promoter  causes  an  increase  in  the  periosteal  bone  formation,  we  speculate  that  the  increase  in 
periosteal  circumference  during  puberty  may,  in  part,  be  caused  by  GH/IGF  axis.  We  have, 
therefore,  proposed  studies  in  Year  2  to  use  mice  deficient  in  GH  and/or  IGF-I  to  evaluate  the 
role  of  the  GH/IGF  axis  in  mediating  the  increase  in  periosteal  circumference  during  the  period 
of  sexual  maturation  in  mice. 
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Comparison  of  periosteal  circumference  in 
the  C57BL  and  C3H  strains  of  mice  revealed  that 
the  periosteal  circumference  was  5%  greater  in  the 
C57BL  mice  than  in  the  C3H  mice  at  23  days  of 
age.  At  day  56,  the  C57BL  mice  had  8%  greater 
periosteal  circumference  than  the  C3H  mice. 
These  data  suggest  that  the  higher  bone  density  in 
the  C3H  mice  than  the  C57BL  mice  was  probably 
not  due  to  higher  periosteal  bone  formation  and/or 
lower  periosteal  bone  resorption  in  the  C3H  mice. 

Day  Comparison  of  the  endosteal  circumference  in  the 

_.  ,  _  .  .  „  .  .  ,  ,  „  C57BL  and  C3H  strains  of  mice  revealed  that  the 

Figure  6:  Femoral  periosteal  circumference  m  male  &  .  .  , 

female  C57BL/6J  &  C3H/HeJ  mice  during  &  after  puberty,  endosteal  circuniference  was  20  /o  greater  in  the 

Boxes  represent  sem  &  bars  represent  SD.  C57BL  mice  than  in  the  C3H  mice  at  day  23.  At 

day  56,  C57BL  mice  exhibited  a  30%  greater 

endosteal  circumference  than  the  C3H  mice.  These  data  are  consistent  with  the  possibility  that 

the  higher  bone  density  in  C3H  mice  compared  to  C57BL  mice  may,  in  part,  be  determined  by 

the  differences  in  the  endosteal  bone  formation  and/or  resorption. 

Measurement  of  endosteal  circumference  in  C57BL  mice  and  C3H  strains  of  mice  before, 
during  and  after  puberty  revealed  that  the  endosteal  circumference  did  not  change  significantly 
during  puberty  in  either  sexes  of  C3H  and  C57BL  strains  of  mice.  While  the  endosteal 
circumference  remained  unchanged  during  the  post-pubertal  growth  in  the  C3H  mice,  the 
endosteal  circumference  increased  by  7%  and  10%,  respectively,  in  the  females  and  males  of 
C57BL  mice.  The  cortical  thickness  increased  by  31%  and  29%,  respectively,  in  the  females  and 
males  of  C3H  mice  during  puberty.  Similarly,  die  cortical  thickness  also  increased  by  25%  and 
22%,  respectively,  in  the  males  and  females  of  C57BL  mice.  Based  on  the  findings  that  the 
periosteal  circumference  increased  during  puberty  and  that  the  endosteal  circumference  did  not 
show  significant  change,  it  can  be  concluded  that  the  increase  in  cortical  thickness  during 
puberty  is  mainly  due  to  an  increase  in  periosteal  bone  formation  and/or  decrease  in  periosteal 
bone  resorption.  The  role  of  the  GH/IGF  axis  and  sex  steroid  hormones  in  mediating  this  rapid 
increase  in  cortical  thickness  will  be  the  subject  of  studies  proposed  in  Year  2. 

g.  Serum  Level  of  Osteocalcin.  In  order  to 


determine  if  the  rapid  increase  in  bone  density 
during  puberty  is  associated  with  changes  in  bone 
turnover,  we  measured  serum  levels  of  bone 
formation  and  bone  resorption  markers  in  the 
mice  during  the  period  of  sexual  maturation,  as 
well  as  during  the  post-pubertal  period.  The 
serum  osteocalcin  level  was  not  significantly 
different  between  23  and  31  days  in  C57BL  male 
mice.  Although  serum  osteocalcin  level  were 
slightly  lower  at  day  31  in  the  female  C57BL 


Figure  7:  Serum  osteocalcin  levels  in  male  &  female 
C57BL/6J  &  C3H/HeJ  mice  during  &  after  puberty.  Boxes 
represent  SEM  &  bars  represent  SD. 


mice,  this  decrease  was  not  statistically  significant 
compared  to  day  23  (Figure  7).  Serum 
osteocalcin  levels  did  not  change  during  puberty 
either  in  male  or  female  C3H  mice.  Serum 


osteocalcin  levels  declined  significantly  during  post-pubertal  period  in  both  male  and  female 
C57BL  mice.  A  similar  decline  in  serum  osteocalcin  levels  during  post-pubertal  period  was  also 
seen  in  C3H  mice.  Comparison  of  serum  levels  of  osteocalcin  in  C57BL  and  C3H  strains  of 
mice  reveal  that  the  serum  osteocalcin  levels  were  significantly  higher  in  the  C57BL  mice 
compared  to  the  C3H  mice  in  both  sexes.  These  data  suggest  that  C3H  mice,  with  higher  bone 
density,  exhibit  lower  bone  turnover  compared  to  C57BL  mice,  with  lower  bone  density.  The 
differences  in  bone  turnover  between  C3H  and  C57BL  mice  are  consistent  with  previous  studies 
by  Slemenda,  et  al.,  who  have  shown  that  Black  children  accumulate  a  10%  greater  bone  mass 
than  White  children  and  have  significantly  reduced  bone  turnover,  as  measured  by  serum  levels 
of  osteocalcin  and  tartrate-resistant  acid  phosphatase  compared  to  White  children  during  pubertal 
growth.  The  role  of  GH/IGF  axis  and  sex  steroid  hormones  in  regulating  bone  turnover 
differently  in  the  C3H  and  C57BL  mice  will  be  studied  during  Year  2  of  the  proposed  studies. 

h.  Serum  Level  of  C-telopeptide  Levels. 
Carboxy-terminal  cross-linked  c-telopeptide  of 
type  I  collagen  (c-telopeptide)  is  a  well- 
established  marker  of  bone  resorption.  We, 
therefore,  measured  serum  levels  of  c-telopeptide 
in  mice  before,  during  and  after  puberty  to 
monitor  changes  in  bone  resorption.  Serum  c- 
telopeptide  levels  were  significantly  lower  in  male 
C3H  mice  at  day  31  compared  to  day  23  (Figure 
8).  Although  c-telopeptide  levels  in  female  C3H 
mice  were  decreased  during  puberty,  this  decrease 
Figure  8:  Serum  c-telopeptide  levels  in  male  &  female  was  not  statistically  significant.  Similar  to  serum 

osteocalcin,  c-telopeptide  levels  also  declined 
during  the  post-pubertal  period  in  the  C57BL 
males  and  females.  The  question  of  whether  changes  in  testosterone  levels  play  a  role  in  the 
reduction  of  serum  c-telopeptide  in  male  C3H  mice  requires  further  study. 

i.  The  Relationship  Between  Changes  in  BMD  and  Femoral  Bone  Indices  vs.  Markers  of 
Bone  Turnover  in  Mice.  In  general,  bone  turnover  markers  showed  significant  negative 
correlation  with  bone  density,  total  bone  mineral  content,  cortical  thickness,  and  periosteal 
circumference  in  both  strains  of  mice.  These  data  suggest  that  bone  turnover  decreases  during 
puberty  in  mice,  as  in  the  case  of  girls.  The  molecular  cues  that  are  responsible  for  the  acute 
reduction  in  bone  turnover  during  sexual  maturation  remain  unknown.  Based  on  the  findings 
that  cytokines  are  important  regulators  of  osteoclast  formation  and  activity  and  that  IGFs 
regulate  cytokine  production,  it  is  likely  that  GH/IGF  axis  plays  an  important  role  in  mediating 
changes  in  bone  turnover  via  modulating  cytokine  production.  This  hypothesis  would  be  tested 
by  evaluating  changes  in  serum  levels  of  cytokines  during  puberty  in  mice  deficient  in  GH/IGF 
action. 

j.  Serum  Levels  of  IGF-I.  According  to  our  hypothesis,  up-regulation  of  GH/IGF  axis  plays  an 
important  role  in  the  attainment  of  peak  bone  mass  during  puberty.  We,  therefore,  measured 
serum  levels  of  IGF-I  in  mice  during  puberty.  Our  studies  show  that  serum  levels  of  IGF-I 
increased  by  43%  and  87%,  respectively,  in  the  male  and  female  C3H  mice  (Figure  9).  The 
increase  in  serum  IGF-I  level  during  puberty  is  greater  in  C3H  mice  than  in  C57BL  mice.  Based 
on  the  findings  that  GH/IGF -I  is  an  important  regulator  of  bone  formation,  we  proposed  that  that 
the  differences  in  bone  gain  during  puberty  between  C3H  and  C57BL  mice  may  in  part  be 
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mediated  by  differences  in  puberty-induced 
GH/IGF  levels  between  these  two  strains.  We 
therefore  evaluated  the  relationship  between 
serum  IGF -I  levels  and  skeletal  changes  during 
puberty  (see  below). 

k.  Relationship  Between  Serum  IGF-I  and 
Skeletal  Changes  During  Puberty.  In  order  to 
determine  if  the  changes  in  serum  levels  of  IGF-I 
are  associated  with  the  corresponding  skeletal 
changes,  we  determined  the  relationship  between 


Figure  9:  Serum  IGF-I  levels  in  male  &  female  C57BL/6J 
&  C3H/HeJ  mice  during  &  after  puberty.  Boxes  represent 
SEM  &  bars  represent  SD. 


IGF-I  (ng/ml) 

Figure  10:  Relationship  between  serum  IGF-I  levels  & 
total  bone  mineral  content  in  the  pooled  data  of  male  & 
female  C3H/HeJ  &  C57BL/6J  mice  during  pubertal  &  post- 
pubertal  periods  (r=0.49,  p<0.001). 


serum  IGF-I  vs.  femoral  bone  indices  in  mice.  In 
the  pooled  data  from  males  and  females  of  23- 
and  31 -day  old  C3H  mice,  we  found  serum  levels 
of  IGF-I  showed  significant  positive  correlation 
with  bone  length,  total  mineral  content,  total 
density,  cortical  thickness  and  periosteal 
circumference  (Figures  10-13).  These  highly 
significant  correlations  between  serum  levels  of 
IGF-I  and  femoral  bone  indices  are  consistent 
with  the  premise  that  IGF-I  plays  an  important 
role  in  mediating  the  rapid  changes  that  occur 
during  puberty.  The  importance  of  IGF-I  in 
mediating  the  skeletal  changes  will  be 
investigated  further  using  mice  deficient  in  IGF-I 
and  GH  action  in  the  second  year  of  this  proposal. 
1.  Relationship  Between  Serum  Levels  of  IGF-I 
and  Biochemical  Markers  of  Bone  Turnover  in 


Mice.  In  order  to  determine  if  changes  in  serum 
levels  of  IGF-I  is  associated  with  the 
corresponding  changes  in  biochemical  markers  of 
turnover,  we  determined  the  relationship  between 
serum  levels  of  IGF-I  and  biochemical  markers  of 
bone  formation  and  bone  resorption.  In  the 
pooled  data  from  males  and  females  of  23-  and 
31 -day  old  C3H  mice,  we  found  serum  levels  of 
IGF-I  to  correlate  positively  with  serum  levels  of 
osteocalcin  (r  =  0.35,  p<0.01).  In  contrast,  serum 
levels  of  IGF-I  showed  significant  negative 
correlation  with  serum  levels  of  c-telopeptide  (r  = 
-0.45,  p<0.01)  in  the  same  mice.  We  will, 
therefore,  examine  the  puberty-induced  changes 
in  bone  turnover  markers  in  mice  deficient  in  GH  and  IGF-I  action.  The  findings  that  the 
puberty  causes  a  reduction  in  bone  turnover  in  mice  with  intact  IGF-I  gene  but  not  in  mice 
lacking  functional  IGF-I  gene  would  provide  strong  evidence  that  IGF-I  plays  an  important  role 
in  mediating  the  decreased  bone  turnover  seen  during  puberty  in  mice. 


Figure  11:  Relationship  between  serum  IGF-I  levels  & 
total  bone  density  in  C3H/HeJ  mice  during  puberty  (i.e., 
pooled  data  from  23  &  31  days)  (r=0.65,  p<0.001). 
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Figure  12:  Relationship  between  serum  IGF-I  levels  & 
femoral  bone  length  in  C3H/HeJ  mice  during  puberty 
(p=0.63,  pcO.OOl). 


Figure  13:  Relationship  between  serum  IGF-I  levels  & 
periosteal  circumference  in  the  femur  of  C3H/HeJ  mice 
during  puberty  (r=0.71,  p<0.001). 


3.  Conclusion. 

In  conclusion,  there  is  rapid  accumulation  of  bone  within  a  short  period  of  one  week 
during  the  period  of  sexual  maturation  in  mice.  The  gain  in  bone  weight,  total  mineral  content, 
total  density  and  cortical  thickness  in  C3H  mice  during  puberty  is  20-50%  more  than  that 
acquired  in  the  C57BL  mice  at  the  same  period.  INSERT  1 


STUDY  2:  Temporal  Changes  in  Serum  Level  of  IGF-I  and  Bone  Formation  Markers 
During  Puberty  in  C57BL/6J  Mice. 

1.  Experimental  Design  &  Methods. 

To  determine  if  changes  in  serum  levels  of  IGF-I  correlate  positively  with  skeletal 
changes  during  sexual  maturation,  we  measured  serum  levels  of  IGF-I  and  skeletal  changes  at 
different  times  during  puberty  in  male  and  female  mice.  Breeder  C57BL  mice  were  obtained 
from  The  Jackson  Laboratory  and  used  to  generate  offspring  belonging  to  various  age  groups. 
At  days  23,  24,  25,  26,  27,  28,  29,  30,  and  31,  the  mice  were  sacrificed  and  blood  was  collected 
and  used  for  biochemical  measurements  of  bone  formation  and  bone  resorption.  Bones  were 
collected  and  used  for  bone  density  measurements,  as  well  as  for  biochemical  measurements  of 
bone  formation.  Serum  was  also  used  for  measurements  of  IGF  system  components.  Seven  to 
nine  animals  were  used  for  each  timepoint.  Both  males  and  females  were  studied.  Offspring 
from  several  litters  were  included  in  each  timepoint  to  rule  out  artifacts  due  to  litter  size.  Our 
findings  are  summarized  below. 

2.  Results. 

a.  Body  Weight  The  body  weight  almost  doubled  in  the  male  C57BL  mice  between  days  23 
and  31.  In  females,  the  body  weight  increased  by  60%  between  day  23  and  31.  A  dramatic 
increase  in  body  weight  was  seen  between  days  24  to  29  in  both  males  and  females.  The 
increase  in  body  weight  during  this  period  was  approximately  40-50%.  Although  both  males  and 
females  gained  significant  body  weight  during  puberty,  it  appears  that  the  males  gained  body 
weight  at  a  faster  rate  compared  to  females  during  the  period  of  sexual  maturation  (Figure  1). 
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FIGURE  1:  Body  weight  changes  in  males  and  females  of 
C57BL/6J  mice  during  puberty.  Boxes  represent  SEM  and  bars 
represent  SD. 


b.  Bone  Weight.  Consistent  with 
our  earlier  studies  in  humans,  we 
found  evidence  for  rapid  gain  in 
bone  mass  during  puberty  in  mice. 
Between  days  23  to  31,  dry  bone 
weight  increased  by  60-80%  in 
male  and  female  C57BL  mice 
(Figure  2).  The  rate  of  increase  in 
bone  weight  corresponded  with 
changes  in  body  weight  seen 
during  the  same  period.  This  rapid 
increase  in  bone  weight  during  the 
period  of  sexual  maturation  (that 
is,  days  23  to  31)  suggest  that  this 
period  is  critical  in  the  acquisition 
of  peak  bone  mass.  Thus,  puberty 
provides  a  unique  window  in  time 
to  evaluate  the  potential 
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FIGURE  2:  Dry  femoral  bone  weight  changes  in  males  and 
females  of  C57BL/6J  mice  during  puberty.  Boxes  represent  SEM 
and  bars  represent  SD. 


mechanism  responsible  for  changes  in  bone  mass,  as  large  increases  in  bone  mass  occurs  during 
die  period  of  sexual  maturation. 

c.  Bone  Length.  In  previous 
studies  we  found  that  metacarpal 
length  increased  significantly  in 
girls  during  the  sexual  maturation. 
In  order  to  determine  if  a  similar 
increase  in  bone  length  occurred 
during  the  period  of  sexual 
maturation  in  mice,  we  measured 
changes  in  bone  length  during 
puberty.  Our  data  show  that  femur 
bone  length  increased  by  about 
15%  in  males  and  females  of 
C57BL  strain  (Figure  3). 
Consistent  with  the  changes  in 
bone  weight  and  body  weight,  the 
most  dramatic  increase  in  femur 
length  was  seen  between  days  24 
to  29.  So  this  period  appears  to  be 
critical  for  future  studies  on  the  molecular  cues  that  are  responsible  for  mediating  the  rapid 
skeletal  changes  that  occur  during  the  period  of  sexual  maturation  in  mice, 
d.  Serum  Levels  of  Osteocalcin.  In  order  to  determine  if  the  rapid  increase  in  bone  weight 
during  puberty  is  associated  with  changes  in  bone  turnover,  we  measured  serum  levels  of  bone 
formation  marker,  serum  osteocalcin,  in  mice  during  the  period  of  sexual  maturation.  Serum 
levels  of  osteocalcin  increased  significantly  by  50-80%  between  days  23  to  27  in  both  males  and 
females  of  C57BL  mice.  However,  serum  osteocalcin  levels  started  to  decline  after  day  27  and, 
as  such,  at  day  31  serum  osteocalcin  levels  were  only  slightly  elevated  compared  to  day  23 
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FIGURE  3:  Femoral  bone  length  changes  in  males  and  females  of 
C57BL/6J  mice  during  puberty.  Boxes  represent  SEM  and  bars 
represent  SD. 


(Figure  4).  Thus,  serum  levels  of 
osteocalcin  showed  a  biphasic 
response,  that  is,  increase  during 
the  early  period  of  sexual 
maturation  and  then  decrease 
during  the  latter  part  of  the  sexual 
maturation.  The  increase  in 
serum  osteocalcin  may  reflect  an 
increase  in  bone  formation  that 
happens  during  the  early  period 
of  sexual  maturation,  and  the 
corresponding  decline  in  serum 
level  of  osteocalcin  during  the 
later  period  of  sexual  maturation 
may  correspond  with  the  decrease 
in  bone  turnover,  which  could 
occur  as  a  consequence  of 
increase  in  sex  steroid  hormone 


resulting  in  a  decrease  in  bone  resorption.  Since  complex  changes,  including  longitudinal 
growth,  periosteal  expansion,  modeling  and  remodeling,  and  sex  hormone  dependent  reduction 
and  remodeling  of  trabecular  bone,  are  occurring  at  the  skeleton  during  puberty,  the  changes  in 
serum  level  of  osteocalcin  during  different  periods  of  sexual  maturation  may  depend  on  the 
extent  to  which  changes  in  these  different  metabolic  processes  are  occurring  at  any  given  time 


during  puberty. 
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FIGURE  4:  Serum  osteocalcin  level  changes  in  males  and  feamles 
of  C57BL/6J  mice  duringpuberty.  Boxes  represent  SEM  and  bars 
represent  SD. 


e.  Bone  Alkaline  Phosphatase. 

Consistent  with  the  serum 
osteocalcin  data,  measurement  of 
alkaline  phosphatase  activity  in 
skeletal  extracts  showed  that  the 
alkaline  phosphatase  activity 
increased  by  nearly  two-fold 
between  days  23  and  day  28 
(Figure  5).  Bone  alkaline 
phosphatase  activity  did  not 
change  significantly  during  the 
later  period  of  sexual  maturation. 
These  data  are  consistent  with  the 
possibility  that  the  increase  in 
bone  length,  as  well  as  rapid 
changes  in  bone  weight,  may,  in 
part,  be  mediated  by  an  increase 
in  bone  formation. 


f.  Changes  in  Serum  Level  of  IGF-I  During  Puberty.  According  to  our  hypothesis, 
up-regulation  of  growth  hormone/IGF  axis  play  an  important  role  in  the  attainment  of  peak  bone 
mass  during  puberty.  We,  therefore,  measured  serum  levels  of  IGF-I  in  mice  during  puberty. 
Our  studies  show  that  serum  levels  of  IGF-I  increased  by  70-90%  between  days  23  to  day  29  in 
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both  male  and  female  C57BL  mice 
(Figure  6).  Based  on  the  findings 
that  growth  hormone/IGF-I  is  an 
important  regulator  of  bone 
formation  and  based  on  the 
findings  that  both  body  weight  and 
bone  weight  are  severely  decreased 
in  IGF -I  knockout  mice,  we 
propose  that  the  skeletal  changes 
that  occur  during  puberty  is,  in 
part,  mediated  by  changes  in  IGF-I 
production.  We,  therefore, 
evaluated  the  relationship  between 
serum  IGF-I  levels  and  skeletal 
changes  during  puberty  (see 


FIGURE  5:  Alkaline  phosphatase  activity  changes  in  femoral  bone 
extracts  of  males  and  females  of  C57BL/6J  mice  during  puberty. 
Boxes  represent  SEM  and  bars  represent  SD. 
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g.  Relationship  between  Serum 
IGF-I  and  Skeletal  Changes 
During  Puberty.  In  order  to  determine  if  the  changes  in  serum  levels  of  IGF-I  are  associated  to 
corresponding  skeletal  changes,  we  determined  the  relationship  between  serum  IGF-I  versus 
femoral  bone  indices  in  mice.  In  the  pooled  data  from  males  and  females  of  23  to  31 -day  old 

C57BL  mice,  we  found  serum 
levels  of  IGF-I  showed  significant 
positive  correlation  with  dry 
weight  of  femur  (Figure  7).  In 
addition,  serum  levels  of  IGF-I 
also  showed  significant  positive 
correlation  with  femur  length  and 
body  weight.  These  data  are 
consistent  with  our  hypothesis  that 
IGF-I  plays  an  important  role  in 
regulating  skeletal  changes  that 
occur  during  puberty  and  as  such 
we  will  investigate  the  role  of 
IGF-I  in  mediating  skeletal 
changes  by  using  mice  deficient  in 
IGF-I  action  in  the  second  year  of 
this  proposal. 
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FIGURE  6;  Serum  IGF-I  levels  in  males  and  females  of  C57BL/6J 
mice  during  puberty.  Boxes  represent  SEM  and  bars  represent 
SD. 
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FIGURE  7:  Relationship  between  serum  IGF-I  levels  and  femoral 
bone  dry  weight  in  the  pooled  data  from  males  and  females  of  23- 

SI  day  C57BL/6J  mice.  ign^uj  uiui  wwvu.  .  - 

potential  role  of  GH/IGF  axis  in  regulating  skeletal  changes  during  puberty  is  evaluated  in  the 
continuation  studies  using  mice  deficient  in  GH/IGF-I  action. 


3.  Conclusion. 

In  summary,  there  is  rapid 
accumulation  of  bone  within  a 
short  period  of  4  to  5  days  during 
the  period  of  sexual  maturation  in 
mice.  This  rapid  gain  in  bone 
weight  appears  to  be  mediated,  in 
part,  due  to  a  rapid  increase  in 
bone  formation  seen  during  the 
early  period  of  sexual  maturation. 
In  addition,  the  changes  in  bone 
weight  also  showed  significant 
positive  correlation  with  the  serum 
level  of  IGF-I,  suggest  that 
GH/IGF  axis  play  an  important 
role  in  mediating  pubertal  skeletal 
changes  that  occur  in  mice.  The 
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and  C57BL/6J  Mice,  C.  Richman,  S.  Kutilek,  N.  Miyakoshi,  A.K. 
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A.  Abstract 

Previous  studies  have  shown  that  60-70%  of  peak  bone  density  is  genetically  determined. 
The  higher  the  peak  bone  density,  the  less  likely  anindividual  is  to  eventually  develop 
osteoporosis.  Therefore,  the  amount  of  bone  accrued  during  postnatal  and  pubertal  growth  is  an 
important  determining  factor  in  the  development  of  osteoporosis.  We  evaluated  the  contribution 
of  skeletal  changes  before,  during  and  after  puberty  to  the  development  of  peak  bone  density  in 
C3H/HeJ  (C3H)  and  C57BL/6J  (B6)  mice.  Volumetric  bone  density  and  geometnc  parameters 
at  the  middiaphysis  of  femora  were  measured  by  pQCT  from  day  7  through  56.  Additionally, 
biochemical  markers  of  bone  turnover  in  serum  and  bone  extracts  were  quantified.  Both  B6  ana 
C3H  mice  showed  similar  body  and  femoral  weights.  B6  mice  had  greater  middiaphysial  total 
bone  area  and  thinner  cortices  than  did  C3H  mice.  Within  strains,  males  had  thicker  cortices 
than  did  females.  C3H  mice  accumulated  more  mineral  throughout  the  study,  with  the  most 
rapid  accumulation  occurring  postnatally  (day  7-23)  and  during  pubertal  maturation  (ay  -  )• 

C3H  mice  had  higher  volumetric  bone  density  as  early  as  day  7,  with  males  tending  to  have  a 
higher  volumetric  bone  density  than  did  females.  Higher  serum  IGF-I  was  present  m  C3H  mice 
postnatally  until  day  23.  Until  day  35,  B6  mice  had  significantly  higher  serum  osteocalcin. 
Alkaline  phosphatase  was  found  to  be  significantly  higher  in  the  bone  extract  of  C3H  mice  until 
day  23.  These  data  are  consistent  with  and  support  the  hypothesis  that  the  greater  amount  ot 
bone  accrued  during  postnatal  and  pubertal  growth  in  C3H  mice  compared  to  B6  mice  may  be 
due  to  increased  cortical  thickness  caused  by  increased  endosteal  bone  formation  and  decreased 

endosteal  bone  resorption.  T  /^T  • 

Key  words:  bone  density,  puberty,  IGF-I,  osteocalcm,  C3H/HeJ  and  C57BL/6J  mice 
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POSTNATAL  AND  PUBERTAL  SKELETAL  CHANGES  PREDOMINANTLY  CONTRIBUTE  TO 
THE  DIFFERENCES  IN  PEAK  BONE  DENSITY  BETWEEN  C3H/HEJ  AND  C57BL/6J  MICE.*  C. 
Richman,  D .J.  Baylink,  S.  Kutilek,  N.  Miyakoshi,  A.K.  Srivastava,  W.  Beamer,  L.R.  Donahue,  C.  Rosen, 
J.  Wergedal  and  S.  Mohan.  JL  Pettis  VA  Medical  Center  and  Loma  Linda  University,  Loma  Linda,  CA; 
Jackson  Laboratories,  Bar  Harbor,  ME;  and  St.  Joseph  Hospital,  Bangor,  ME. 


Previous  studies  have  shown  that  60-70%  of  peak  bone  density  is  genetically  determined.  The  higher  the 
peak  bone  density,  the  less  likely  an  individual  is  to  eventually  develop  osteoporosis.  Therefore,  the 
amount  of  bone  accrued  during  postnatal  and  pubertal  growth  is  an  important  determining  factor  in  the 
development  of  osteoporosis.  We  evaluated  the  contribution  of  skeletal  changes  before,  during  and  after 
puberty  to  the  development  of  peak  bone  density  in  C3H/HeJ  (C3H)  and  C57BL/6J  (B6)  mice. 

Volumetric  bone  density  and  geometric  parameters  at  the  mid-diaphysis  of  femora  were  measured  by 
pQCT  in  both  males  and  females  from  day  7  through  56  at  weekly  intervals.  Both  B6  and  C3H  mice 
showed  similar  body  and  femoral  weights.  B6  mice  had  greater  mid-diaphysial  total  bone  area  and 
thinner  cortices  than  did  C3H  mice.  Within  strains,  males  had  thicker  cortices  than  did  females.  C3H 
mice  accumulated  more  mineral  throughout  the  study,  with  the  most  rapid  accumulation  occurring 
postnatally  (day  7-23)  and  during  pubertal  maturation  (day  23-31).  C3H  mice  had  higher  volumetric  bone 
density  than  B6  mice  as  early  as  day  7.  The  rate  of  bone  density  gain  in  C3H  mice  during  postnatal  and 
pubertal  growth  was  twice  that  of  B6  mice,  though  it  was  not  different  after  puberty.  To  evaluate  if  the 
greater  accumulation  of  bone  during  postnatal  and  pubertal  periods  in  C3H  mice  compared  to  B6  mice  is 
due  to  increased  bone  formation,  we  measured  ALP  activity  in  bone  extracts.  C3H  mice  exhibited 
significantly  greater  ALP  activity  in  the  femoral  bone  extract  than  did  B6  mice  at  the  time  when  maximal 
differences  in  bone  density  between  the  two  strains  occur.  In  addition,  bone  extract  ALP  showed 
significant  positive  correlation  with  bone  density  during  postnatal  periods.  Because  IGF-I  is  an  important 
growth  factor  regulating  bone  formation,  we  evaluated  the  relationship  between  IGF-I  level  in  serum  and 
changes  in  bone  accretion  between  C3H  and  B6  mice.  We  found  serum  IGF-I  levels  increased 
dramatically  during  postnatal  growth  in  both  strains  and  that  C3H  mice  had  significantly  higher  serum 
IGF-I  levels  compared  to  B6  mice.  Serum  IGF-I  levels  also  showed  significant  positive  correlation  with 
bone  density  and  bone  extract  ALP  activity  during  postnatal  period,  [underline!  Conclusions:  f/underlinel 
1)  The  greater  amount  of  bone  accrued  during  postnatal  and  pubertal  growth  in  C3H  mice  compared  to 
B6  mice  led  to  increased  cortical  thickness  caused  by  increased  endosteal  bone  formation  and  decreased 
bone  resorption.  2)  Two  growth  periods,  namely  postnatal  and  pubertal,  are  critical  to  the  development  of 
peak  bone  density  between  C3H  and  B6  mice.  3)  The  genes  that  are  differentially  expressed  in  the 
skeleton  of  C3H  and  B6  mice  during  postnatal  and  pubertal  growth  may  provide  clues  regarding  genes 
that  contribute  to  the  differences  in  bone  density  between  these  two  strains. 

*The  view,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be 
construed  as  a  position,  policy,  decision  or  endorsement  of  the  Federal  Government  or  the  National 
Medical  Technology  Testbed,  Inc.  This  project  was  sponsored  with  funds  by  the  U.S.  Department  of  the 
Army  and  the  National  Medical  Technology  Testbed,  Inc. 
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A.  Introduction 

Our  goal  was  to  study  and  characterize  .the  abductin  protein  derived  from  Placopecten 
magellanicus  at  the  molecular  and  biophysical  level.  Specifically,  the  nucleotide/amino  acid 
sequence  of  Placopecten  abductin  will  be  determined.  Of  upmost  importance,  the  cross-links 
between  the  abductin  monomers  will  be  confirmed  and  ultimately,  the  three-dimensional 
structural  conformation  of  the  abductin  monomer  will  be  ascertained.  This  structural  information 
will  prove  most  useful  in  designing  a  biopolymer  which  resembles  abductin  at  the  structural  and 
functional  level  such  that  it  may  be  used  primarily  to  replace  articular  cartilage  in  patients 
undergoing  arthroplasty. 

B.  Objectives 

•  Nucleotide/amino  acid  sequence  of  Placopecten  abductin 

•  Cross-link  types  in  Placopecten  abductin 

•  Three-dimensional  structure  of  Placopecten  abductin 

C.  Experimental  Data. 

C.l.  Nucleotide/amino  acid  sequence  of  Placopecten  abductin 

Peptide  sequencing  of  abductin  peptides  generated  via  proteolytic  digestion  of  Placopecten 
abductin  revealed  a  repeating  pentapeptide,  FGGMG.  This  pentapeptide  is  found  to  occur  six 
times  in  the  amino  acid  sequence  for  abductin  in  the  non-swimming  Argopecten  irradians 
scallop,  or  23%  of  the  molecule’s  mass  (1)  (Fig.  1).  In  addition,  these  segments  are  spatially 
arranged  so  that  there  are  five  residues  between  most  of  the  repeating  pentapeptides.  This  spatial 
arrangement  may  serve  to  position  the  very  hydrophobic  phenylalanine  residues  toward  the 
interior  of  the  molecule  to  shield  them  from  the  surrounding  water.  The  region  of  the  molecule 
containing  this  spatial  arrangement  of  pentapeptides  will  most  surely  prove  to  be  the  functional 
domain  of  abductin,  which  governs  its  ability  to  compress.  Furthermore,  we  hypothesized  that 
the  high  frequency  of  FGGMG  occurring  in  both  Placopecten  and  Argopecten  abductin  indicates 
that  this  conserved  trait  between  swimming  and  non-swimming  scallops  is  essential  for 
preserving  the  tertiary  structure  governing  abductin’s  ability  to  compress.  Initial  proof  for  the 
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function  of  this  domain  will  be  discussed  later  in  conjunction  with  molecular  dynamics  modeling 
of  repeating  abductin  peptides. 

Fig.  1.  Protein  sequence  alignment  of  sequenced  Placopecten  abductin  peptides  with  the 
published  amino  acid  sequence  for  Argopecten  abductin.  (-)  indicates  sequence  homology  while 
a  one-letter  amino  acid  designation  corresponds  to  sequence  non-homology. 
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Further  peptide  sequencing  of  Placopecten  abductin  in  our  lab  revealed  evolutionary  amino  acid 
substitutions  when  compared  to  the  Argopecten  abductin  sequence.  It  appears  that  lysine  52  and 
lysine  84  are  converted,  via  a  point  mutation  to  the  first  codon  base,  to  glutamine  in  both  cases. 
This  observation  may  provide  a  clue  for  the  existence  of  another  cross-link  in  abductin, 
resembling  the  cross-link  responsible  for  blood  clotting  in  humans.  The  suspected  cross-link  is 
e(y-glutamyl)  lysine,  which  is  an  isopeptide  bond  formed  between  the  side  chains  of  glutamine 
and  lysine.  Peptide  sequencing  also  revealed  that  glutamine  123  and  lysine  129  are  conserved  in 
both  Placopecten  and  Argopecten.  In  Placopecten,  it  is  quite  possible  for  lysine  129  to  cross-link 
with  glutamine  52,  glutamine  84,  and  glutamine  123  in  another  abductin  monomer. 

In  addition,  a  full  cDNA  sequence  determination  of  Placopecten  abductin  was  attempted  with 
little  success.  Forward  and  reverse  primers  were  made  based  on  peptide  sequences  of 
Placopecten  abductin  and  the  cDNA  sequence  for  Argopecten  abductin.  Freshly  isolated  mRNAs 
from  mantle  cells  were  subjected  to  rtPCR  (reverse  transcription  polymerase  chain  reaction)  for 
26  cycles  in  the  presence  of  the  previously  mentioned  primers.  A  ~134bp  band  was  observed 
upon  electrophoresis  of  the  PCR  mix  on  a  1%  high  melt  agarose  gel  stained  with  ethidium 
bromide  (Fig.  2). 
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Fig.  2.  High  melt  agarose  gel  stained  with  ethidium  bromide.  Arrow 
points  to  ~134bp  PCR  product. 


Subsequent  attempts  at  recreating  this  experiment  were  unsuccessful.  Analysis  of  the  mRNA 
isolated  from  the  scallop  mantle  cells  on  a  formaldehyde  agarose  gel  indicated  that  little  to  no 
mRNA  was  present.  A  literature  search  indicated  that  this  is  a  common  problem  in  isolating 
mRNA  from  invertebrate  sea  creatures  due  to  high  concentrations  of  carbohydrate  surrounding 
the  organ  tissues.  It  is  apparent  that  carbohydrates  must  be  enzymatically  removed  prior  to 
isolating  mRNA  from  the  mantle  cells.  In  the  interest  of  progress,  we  decided  to  move  forward 
with  the  project  using  only  the  information  obtained  through  peptide  mapping. 

C.2.  Cross-link  types  in  Placopecten  abductin 

Disulfide  bonds  have  been  identified  thus  far  as  the  cross-links  in  abductin.  However,  the 
disulfide  cross-links  are  found  both  in  the  form  of  cystine  and  homocystine.  These  intact  cross¬ 
links  were  identified  via  fluorescence  amino  acid  analysis  of  abductor  ligaments  exhaustively 
digested  with  two  proteolytic  enzymes  (Fig.  3).  The  free  amino  acids  and  intact  cross-links  were 
derivatized  with  o-phthaldialdehyde  and  separated  on  a  C8  reverse  phase  column  with  a 
methanol  gradient.  This  analytical  method,  was  described  by  Griffin  and  Wilson  (1984)  to 
identify  s(y-glutamyl)  lysine  in  amino  acid  analyses  of  blood  clots  in  animals  (2).  As  yet,  we 
cannot  confirm  the  presence  or  absence  of  s(y-glutamyl)  lysine  in  Placopecten  abductin. 

In  order  to  create  a  3D  network  of  peptides  to  form  PBM,  the  spatial  density  of  disulfide  cross¬ 
links  must  be  determined  in  Placopecten  abductin.  It  is  not  known  as  yet  how  many  cysteine  and 
homocysteine  residues  occur  in  Placopecten  abductin  nor  their  respective  positioning,  due  to  the 
lack  of  cDNA  sequence  data.  The  amount  of  cysteine  and  homocysteine  can  be  readily 
determined  via  analytical  amino  acid  analysis  by  oxidizing  them  first  to  the  stable  cysteic  and 
homocysteic  acids.  The  positions  of  cysteine  residues  can  be  determined  from  cDNA 
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sequencing,  and  the  positioning  of  homocysteine  residues  by  sequencing  their  carboxy- 
methylated  derivatives  in  intact  peptides  via  classic  Edman  chemistry. 

The  number  of  cross-links  between  peptide  chains  is  directly  related  to  the  stiffness,  or  Young 
modulus,  of  the  resultant  3D  protein  network.  The  more  cross-links  present,  the  higher  the 
Young  modulus  (3)  (4).  This  correlation  will  be  extremely  useful  when  designing  an  abductin- 
based  bioelastomer  because  it  will  allow  us  to  tailor  the  elastic  modulus  of  the  abductin-based 
bioelastomer  to  approximate  the  elastic  modulus  of  normal  hyaline  cartilage. 

Fig.  3.  Identification  of  intact  cystine  and  homocystine  via  fluorescence  amino  acid  analysis  of 
Placopecten  abductin  exhaustively  digested  with  Pronase  and  Aminopeptidase  M. 


C.3.  Three-dimensional  structure  of  abductin 

CD  spectra  for  the  abductin  decapeptide,  FGGMGGGNAG,  were  obtained  in  water  and 
trifluoroethanol  (TFE),  respectively,  at  three  different  temperatures.  The  dominant  features  in 
both  solvents  (one  positive  band  at  216-218  nm  and  one  negative  band  at  200  nm)  are  those 
typical  of  quasi-extended  polyproline  II  structure,  together  with  an  undefined  amount  of  random 
flexible  conformations  (Fig.  4).  In  water  the  reduced  intensity  of  the  positive  band  and  the 
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appearance  of  one  negative  band  around  230  -235  nm  could  possibly  suggest  a  minor  population 
of  P-tum  conformers,  most  probably  of  type  II. 


Fig.  4(A)  CD  spectra  of  FGGMGGGNAG  in  water  and  (B)  TFE  at  0'C,  25X  and  50X.  CD 
spectra  at  all  three  temperatures  gave  a  positive  band  at  216-218  nm  and  a  negative  band  at  200 
nm. 


The  polyproline  II  structure  has  been  shown  to  be  present  in  the  solid  state  of  polyglycine  (5) 
(polyglycine  II  structure  (6))  and  therefore  is  not  unexpected  for  the  abductin  decapeptide 
containing  six  glycyl  residues  and  a  stretch  of  three  consecutive  glycines  to  adopt  a  polyproline 
II  structure.  Moreover,  the  polyproline  II  structure  is  characteristic  of  the  collagen  triple  helix 
which  further  makes  a  case  for  the  importance  of  the  decapeptide  in  abductin  secondary  and 
tertiary  structure. 

To  further  elucidate  the  structural  role  of  the  decapeptide  in  abductin,  various  sequences  from 
Argopecten  abductin  containing  the  repetitive  FGGMG  and  FGGMGGGNAG  motif  were 
selected  for  tertiary  structure  prediction  using  Molecular  Dynamics  (MD)  calculations. 

Due  to  the  insoluble  nature  of  the  abductor  ligament,  when  exposed  to  conventional  denaturing 
agents  such  as  DTT,  beta  mercaptoethanol,  urea,  and  guanidine  hydrochloride,  it  has  proven 
difficult  to  obtain  the  intact  abductin  monomer  for  subsequent  structural  analysis.  The  high  Gly 
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content  points  to  a  globular  coiled  protein  for  which  large  crystals  for  x-ray  crystallographic  data 
analysis  may  not  be  attainable.  In  the  absence  of  full  sequence  NMR  data.  Molecular  Dynamics 
(MD)  modeling  was  performed  using  MPSIM  (7)  as  a  means  to  obtain  tertiary  structure 
information  for  (1)  Argopecten  abductin  (. A119NSP )  without  the  17  aminoacid  signal  peptide 
lead  sequence  as  predicted  using  the  neural  network  approach  of  Nielsen  (8),  (2)  abductin’ s  core 
48  aminoacid  sequence  ( A48CS ),  (3)  the  47  aminoacid  Abductin  mimetic  peptide  with  Factor 
XIII  flanking  sequences  ( A47MP ),  (4)  an  11  aminoacid  Abductin  structural  motif  sequence 
GGMGGGNAGFG  ( A11SMS j.  The  generalized  Bom  solvation  model  (9)  as  implemented  by 
Frisner  (10)  was  used  to  predict  the  tertiary  structure  of  A119NSP,  A48CS,  and  A47MP  in  the 
presence  of  implicit  water  solvent.  A  newly  developed  solvent  accessible  surface  model 
(SASM)  was  employed  to  predict  the  structural  stability  of  A1  ISMS  and  its  dimerized  versions. 

Constant  temperature-volume  (NVT)  dynamics  at  330  °K  were  carried  out  for  585  picoseconds 
on  A119NSP.  This  temperature  is  required  to  anneal  the  sample  and  allow  a  broad  region  of 
torsional  space  (<J>,\|/)  to  be  sampled  by  each  of  the  residues  present.  At  the  end  of  the  annealing 
process,  A119NSP  was  quenched  to  milder  temperatures  (310  °K)  for  an  additional  50 
picoseconds.  The  torsions  of  all  residues  were  monitored  as  a  function  of  time.  Only  ocassional 
deviations  of  at  most  one  torsion  from  the  expected  occupied  regions  in  a  Ramachandran  plot 
were  observed.  This  process  was  repeated  three  times  using,  random  velocity  initializations.  As  a 
direct  results  of  the  high  Gly  content  all  three  predicted  A119NSP  tertiary  structures  were 
distinct,  globular  proteins  consisting  mostly  of  random  coils  lacking  clearly  defined  secondary 
structures. 

This  predicted  overall  globular  structure  of  abductin,  unlike  the  more  ordered  secondary  and 
tertiary  structures  of  elastin  and  collagen  respectively,  may  prove  suitable  for  providing 
compressional  stability.  Having  a  globular  shape  may  be  more  fitting  for  isotropic  properties, 
meaning  that  an  external  force  will  illicit  an  equal  compressional  response  regardless  of  where 
that  force  is  applied  to  the  molecule. 

Unlike  A119NSP,  A48CS  showed  significant  secondary  structure  at  the  end  of  the  molecular 
dynamics  simulations.  Figure  5  shows  selected  residues  to  illustrate  that  the  tertiary  structure  of 
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A48CS  peptide  had  converged  to  a  final  equilibrium  state  in  less  than  100  picoseconds.  Quite 
possibly  the  shorter  size  of  A48CS  facilitates  the  appearance  of  secondary  structural  motifs 
during  the  finite  simulation  times. 


Fig.  5:  Shown  are  the  time  evolution  for  A48CS  torsion  angles  versus  time.  The  <(>  angle  for  Gly 
1 8  appears  to  fluctuate  greatly  before  adopting  a  more  stable  conformation  near  lOOps  in  contrast 
to  the  <j)  angle  of  Gly  46  that  stabilizes  after  ~35ps. 

Figure  6  shows  the  equilibrated  A48CS  after  250  picoseconds.  Unexpectedly,  the  methionine 
residues  are  completely  exposed  to  the  surrounding  medium.  Three  central  phenylalanine  groups 
are  positioned  partly  inside  the  globular  protein  inside  a  local  loop  created  by  nine  sequential 
aminoacids,  GGMGGGNAG.  Repeated  simulations  of  A48CS  indicate  the  presence  of  this 
tertiary  structure  motif,  three  times  in  each  modeled  structure.  Two  other  Phe  residues  remain 
fully  exposed  to  the  surrounding  solvent.  These  may  serve  to  form  intermolecular  associations 
via  hydrophobic  interactions  with  other  similar  protein  segments. 
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Fig.  6:  Equilibrated  tertiary  structure  of  A48CS  after 
250  picoseconds  of  molecular  dynamics.  Arrows 
indicate  the  locations  of  three  partially  buried 
phenylalanine  hydrophobic  groups.  Two  more  remain 
fully  exposed. 


We  propose  that  these  hydrophobic  motifs,  in  conjunction  with  putative  covalent  cross-linking, 
are  responsible  for  the  stabilization  of  the  abductin  protein  aggregate  (abductor  ligament).  To  test 
this  hypothesis  we  used  solid  peptide  synthesis  to  synthesize  0.25  millimoles  of  A47MP,  or 
approximately  800  mg  dry  weight. 

D.  Additional  Experimental  Data 

D.  1 .  Abductin  peptide  mimetic 

Based  on  these  previous  results,  we  designed  a  47  aminoacid  abductin  mimetic  peptide  A47MP 
that  incorporates  a  25  amino  acid  stretch  of  Argopecten  Abductin.  In  addition,  we  incorporated 
partial  Factor  XIII  substrate  sequences  (11)  both  on  the  n-terminus  and  c-terminus  of  A47MP. 
Figure  7  illustrates  the  abductin  mimetic  peptide  design.  The  partial  Factor  XIII  substrate 
sequences  were  incorporated  into  the  design  in  order  to  enzymatically  cross-link  the  abductin 
mimetic  peptides  into  a  3D  matrix  or  aggregate  using  Factor  XIII  in  the  presence  of  thrombin 
(11)  at  a  later  stage.  The  Factor  XIII  substrate  sequences  are  the  cross-linking  domains  which 
flank  the  abductin  functional  domain.  Partial  Factor  XIII  substrate  sequences  were  used  because 
the  full  sequences,  which  contain  highly  hydrophobic  amino  acids  on  their  n-termini,  may 
increase  the  overall  hydrophobicity  of  the  mimetic  peptide  disrupting  hydrogel  formation. 
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Cross-linking  Domain  Abductin  Functional  Domain  Cross-Linking  Domain 

\  I .  SI 

TIGEGQQHHLGG  FGGMGGGNAGFGGMGGGNAGFGGMG  GAKDV  GAKDV 
Fig.  7.  A47MP  abductin  mimetic  peptide  design.  (Patent  Pending) 

The  A47MP  design  incorporates  three  hydrophobic  groups,  the  minimum  number  required  to 
generate  a  three  dimensional  network  of  hydrophobic  “crosslinks”.  A47MP’s  tertiary  structure 
was  modeled  with  molecular  dynamics.  Three  independent  runs,  each  a  minimum  of  100  ps 
long,  produced  similar  looking  tertiary  structures.  A  representative  structure  is  shown  in  Fig.8. 
The  most  stable  PHE  loops  were  used  as  starting  geometries  for  later  studies  of  a  shorter  1 1 
aminoacid  structural  motif  sequence  GGMGGGNAGFG  ,  A1  ISMS. 

Fig.  8.  A47MP  abductin  mimetic  molecular  dynamics  tertiary 
structure.  The  structure  contains  three  loops  around  each  of  the 
three  PHE  hydrophobic  residues. 


The  abductin  mimetic  peptide  was  synthesized  via  standard  solid  phase  FMOC  chemistry  on  a 
preloaded  resin.  After  synthesis,  100  mg  of  peptide  resin  were  cleaved  using  a  standard  TFA 
cleavage  protocol  and  the  peptide  was  immediately  precipitated  in  ether  to  remove  the 
hydrophobic  protecting  groups.  The  precipitated  peptide  was  then  spun  down  and  dryed  under  a 
gentle  stream  of  nitrogen  overnight.  Surprisingly,  the  dry  un-crosslinked  peptide  formed  a  gel¬ 
like,  nearly  translucent,  yellowish  pellet  that  was  rubbery  to  the  touch  (Figure  9).  The  abductin 
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peptide  mimetic  polymer  (A47MP  aggregate)  pellet  gave  some  fluorescence  upon  exposure  to 
UV  light  and  is  only  marginally  soluble  in  water  due  to  its  hydrophobic  Phe  and  Met  residues. 

Fig.  9:  Photograph  of  un-crosslinked  A47MP  aggregate. 
Notice  the  gel-like  nearly  translucent  properties  of  A47MP 
aggregate. 


What  is  remarkable  about  A47MP  aggregate  is  that  it  exhibits  rubber-like  material  properties 
even  though  it  is  not  covalently  cross-linked.  We  believe  that  this  initial  aggregate  is  held 
together  by  a  combination  of  peptide  monomer  “entanglement”  and  intermolecular  hydrophobic 
interactions  or  “hydrophobic  cross-links”.  Peptide  monomer  “entanglement”  probably  occured 
between  the  amorphous  regions  of  the  peptide  when  exposed  to  ether.  In  addition,  the  biphasic 
(protein  +  water)  properties  of  this  aggregate  suggest  that  there  is  some  water  sequestered  within 
that  most  likely  contributes  to  the  elastic  properties. 

This  preliminary  peptide  aggregate  strongly  suggests  that  the  repeating  peptide  sequences  in 
abductin  do  indeed  play  a  role  in  molecular  self-assembly  and  elasticity.  It  is  quite  remarkable 
that  hydrophobic  cross-linking  alone  can  catalyze  self-assembly  of  a  three-dimensional  network 
or  matrix  of  peptides  in  the  absence  of  covalent  cross-linking.  In  addition,  hydrophobic  cross- 
linking  provided  enough  structural  stability  to  perform  mechanical  property  measurements  on  the 
uncross-linked  A47MP  aggregate  shaped  like  a  flat  cylinder  (Fig.  10). 

D.2.  Mechanical  Properties  of  A47MP  aggregate 

The  average  data  (n=6  per  group)  are  reported  in  Table  1  for  the  dry  abductin  mimetic  polymer. 
An  average  modulus  of  4.25  ±  1.71  MPa  was  calculated  for  a  polyurethane  elastomer  as  a 
comparison  to  the  calculated  Young’s  modulus  for  the  un-cross-linked  A47MP  aggregate  shown 
in  figure  10.  Saline  immersion  led  to  a  degradation  of  the  abductin  mimetic  polymer  which 
caused  instant  fracture  under  loading  after  30  minutes  of  immersion,  and  complete  disintegration 
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after  60  minutes.  Therefore,  no  compression  modulus  could  be  calculated  for  these  two  groups. 
The  modulus  of  the  abductin  mimetic  polymer  calculated  by  Finkin's  method  was  significantly 
lower  than  that  of  the  polyurethane  elastomer  used  by  others  in  tribological  studies  for  cartilage 
replacement  (student  "t"  tests  (a=  0.05))  (12). 


Elastomer 

Parameters 

Nomenclature 

Values 

A47MP  aggregate 

Thickness 

d 

1  mm 

(dry) 

Applied  load 

P 

17.4  ±  9.13  grams 

Deformation 

H 

53.0  ±  1.6  pm 

Calculated  Modulus 

E 

79.36  ±  41.4  kPa 

Table  1.  Mean  ±  Standard  Deviation  of  Original  Specimen  Thickness,  Deformation  and 
Calculated  Elastic  Modulus  Using  Finkin's  Equation  for  the  dry  A47MP  aggregate  [Finkin, 
1972], 


The  calculated  Young’s  modulus  for  the  abductin  mimetic  polymer  was  approximately  0.08 
MPa.  Although  this  compressive  modulus  is  two  orders  of  magnitude  lower  than  the  compressive 
modulus  for  the  polyurethane  elastomer,  this  data  proves  that  hydrophobic  interactions  alone  can 
account  for  at  least  partial  elastomeric  stability. 


Fig.  10:  Abductin  mimetic  polymer  shaped  in  the  form 
of  a  nickel  for  mechanical  testing  and  calculation  of 
compressive  modulus. 
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D.3.  Quaternary  Structure  of  A47MP  Aggregate 

Molecular  dynamics  modeling  was  employed  to  visualize  the  way  in  which  A47MP  might  form 
a  three-dimensional  network.  Figure  1 1 A  shows  the  most  stable  predicted  quaternary  structure 
that  A47MP  might  adopt.  Notice  that  the  A47MP  monomers  are  held  together  via  hydrophobic 
interactions  between  the  partially  solvent-exposed  hydrophobic  side-chains  of  phenylalanine 
residues.  Figure  1  IB  shows  the  quaternary  structure  of  A47MP  with  a  Connolly  water  accessible 
surface.  Interestingly,  there  appears  to  be  a  water  channel  through  the  center  of  the  A47MP  3D 
network.  This  may  explain  why  the  A47MP  aggregate  is  able  to  retain  water  to  form  a  biphasic 
material.  Figure  1 1C  shows  an  electron  micrograph  at  high  power  of  an  abductor  ligament  fiber. 
We  propose  that  abductin  forms  a  similar  3D  network  as  that  shown  in  Figure  11  A,  possibly 
corresponding  to  the  small  dark  clusters  that  make  up  the  individual  abductor  ligament  fibers 
(Fig.  11C). 


Fig.  11  A.  Predicted  model  for  the  quaternary  structure  of  A47MP.  B  The  predicted  model  for  the 
quaternary  structure  of  A47MP  with  a  Connolly  water  accessible  surface.  C  High  power  electron 
micrograph  of  an  individual  abductor  ligament  fiber. 

D.4.  Preliminary  In-vitro  Toxicology/Immunology  of  Soluble  Placopecten  Abductin 
Two  tests  were  performed  to  determine  whether  the  presence  of  exogenously  aqueous  solubilized 
abductin  interfered  with  immune  functional  properties.  An  in-vitro  natural  killer  (NK)  activity 
assay  was  conducted,  wherein,  freshly  isolated  whole  blood  (human)  lymphocytes  mixed  at 
various  ratios  (100:1;  50:1;  25:1;  and  12.5:1)  with  NK  target  cells.  The  assay  was  incubated  for  4 
hours  at  37°C  after  which  the  supernatant  was  removed  and  mixed  with  lOOpL  of  lactate 
dehydrogenase  (LDH)  reaction  mix  which  measures  reductase  activity  released  as  a  function  of 
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cell  death.  A  quantitative  colored  product  was  formed  and  read  at  490  nm  wavelength  (13).  The 
same  lymphocyte  preparation  was  tested  with  and  without  solubilized  abductin  to  determine  if 
the  presence  of  abductin  altered  NK  activity  (Figure  12 A). 


Fig.  12.  A  Effect  of  exogenously  added  abductin  on  natural  Killer  (NK)  activity.  B  Effect  of 
exogenously  added  abductin  on  the  mitogenic  induction  of  lymphocyte  proliferation  in-vitro. 

A  second  test  of  immune  function  was  mitogen  induced  lymphocyte  proliferation  as  measured  by 
3H-thymidine  incorporation  into  newly  synthesized  DNA.  The  ability  to  respond  to  immune 
challenge  requires  that  the  immune  competent  cells  divide  rapidly  when  stimulated.  Agents  or 
substances  that  dampen  or  cause  an  anergic  state  in  immune  function  reflected  by  their  reduced- 
induced  proliferation  would  be  extremely  dangerous.  To  test  whether  abductin  had  any  such 
effect,  we  divided  a  sample  of  freshly  isolated  human  lymphocytes  into  2  fractions.  One  fraction 
received  no  abductin  and  the  other  was  incubated  with  lOjig/mL  solubilized  abductin.  In  a  96 
well  plate  format,  2xl05  cells  per  well  were  dispensed  into  triplicate  sets  (phytohemagglutinin-A 
(PHA),  concanavalin  A  (ConA),  lipopolysaccharide  (LPS)  and  no  mitogen).  The  cells  were 
incubated  at  37°C  for  48  hours  after  which  time  they  were  washed  and  counted  for  the  amount  of 
radioactive  tritium  they  had  incorporated  (Figure  12B). 

The  results  of  these  two  initial  experiments  indicate  that  the  exogenous  addition  of  solubilized 
abductin  does  not  interfere  with  NK  activity  (Figure  12 A)  or  induction  of  blastogenesis  (Figure 
12B).  The  graphs  show  that  there  is  little  to  no  statistical  difference  in  the  percent  NK  target  cells 
killed  or  the  induction  of  human  lymphocyte  growth  in  the  presence  or  absence  of  abductin.  This 
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data  is  extremely  important  to  the  potential  human  use  of  the  proposed  abductin-based 
bioelastomer,  because  it  suggests  that  implantation  of  an  abductin-based  bioelastomer  will  not,  as 
suggested  in  these  initial  tests,  alter  immune  function. 

E.  Proposed  Theory(s) 

E.l.  Hydroelasticity  Model 

The  molecular  basis  for  the  elasticity  of  non-biological  elastomers  (14-18),  point  to  a  retractive 
force  largely  of  entropic  origin,  the  positive  gain  in  free  energy  upon  deformation  arising  from 
the  loss  in  polymer  chain  entropy.  For  protein  based  elastomers  such  as  elastin  (19)  and 
abductin,  elasticity  is  highly  dependent  on  the  presence  of  water.  The  water  content  in  abductin 
can  be  as  high  as  50%.  Dessicated  samples  are  brittle  and  exhibit  little  recovery  and  resilience. 
Proposed  models  should  explain  the  interplay  between  peptide  structure,  water  solvation,  and  the 
elastic  recovery  properties  of  these  bioelastomers.  We  begin  by  writing  an  approximate 
expression  for  the  change  in  free  energy  for  a  system  consisting  of  a  peptide  chain  made  up  of 
partly  buried  hydrophobic  groups. 

AG  soh=  2  5A;  Gj  (4) 

An  externally  applied  strain  or  pressure  changes  the  state  of  amino  acid  groups  from  partly 
buried  to  exposed.  SAi  is  the  change  in  the  water  exposed  surface  area  for  the  i-th  atom  in  the 
protein  upon  application  of  an  external  pressure  or  strain,  G\  is  the  surface  tension  contributed  by 
each  solvent  accessible  atom.  We  use  the  Connolly  algorithm  (20)  to  calculate  the  solvent 
accessible  surface  with  the  probe  solvent  molecule  radius  set  at  1.53  A. 

Experimental  free  energy  solvation  data  on  a  set  of  322  compounds  (21)  were  used  to  evaluate 
the  atomic  surface  tension  parameteres  CTj.  Atom  types  were  defined  according  to  the  definitions 
of  the  Dreiding  force  field.  The  values,  in  Kcal/mole-A2,  are  CTh_a  =-0.222  for  hydrogen  bonded 
to  oxygen  or  nitrogen,  cth_  =0.01143  for  hydrogen  bonded  to  carbon,  crc_3  =-0.008  for  sp3 
carbon,  ctc_r  =-0.026  for  carbon  in  a  resonance  structure,  ctnr  =-0.171  for  nitrogen  in  a  peptide 
bond,  ctq_2  =-0.126  for  carbonyl  oxygen,  ctq_r  =-0.142  for  C-terminal  oxygens,  and  Gs_3  =-0.016 
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for  sulfur.  Model  predictions  compare  well  with  the  experimental  solvation  free  energies  as 
shown  in  Fig.  13. 


Fig.  13:  Calculated  (Kcal/mol)  vs 
experimental  (Kcal/mol)  solvation  free 
energies  for  322  organic  compounds.  The 
rms  deviation  is  0.9  Kcal/mol. 


The  A47MP  MD  simulations  indicate  that  hydrophobic  residues  are  partially  protected  from  the 
surrounding  aqueous  environment.  An  externally  applied  compressional  stress  may  deform  the 
network  in  A47MP  exposing  a  greater  hydrophobic  surface  area  (Fig.  14A).  The  additional 
hydrophobic  contributions  come  nearly  exclusively  from  phenylalanine.  We  use  Equation  (4)  to 
calculate  the  change  in  solvation  free  energy  of  the  A1  ISMS  phenylalanine  loop  region  as  a 
function  of  changes  in  the  phenylalanine  Ca  backbone  <(>  angle.  The  results  are  shown  in  Fig. 
14B.  Complete  water  exposure  of  phenylalanine  (<j>  =  120°)  leads  to  a  net  increase  in  free  energy 
of  4  Kcal/mol  suggesting  that  applied  mechanical  work  might  be  stored  as  a  positive  change  in 
solvation  free  energy  for  subsequent  release  as  elastic  recoil.  The  jump  in  free  energy  may  be 
seen  as  caused  by  the  increased  disruption  of  the  hydrogen  bond  water  network  surrounding  a 
hydrophobic  group.  The  restorative  angular  force,  3.7  x  10-2  Kcal/mol-degree,  is  approximately 
constant.  Estimates  of  the  entropic  change,  from  the  power  spectrum  of  the  dipole 
autocorrelation  function  around  hydrophobic  groups  indicate  that  AS  is  negative  (22),  i.e.,  the 
first  water  coordination  shell  has  a  higher  level  of  organization  around  phenylalanine  than  the 
bulk  liquid.  Consequently,  enthalpic  and  entropic  factors  work  in  the  same  direction  to  yield  a 
positive  AG  when  hydrophobic  groups  are  exposed  to  water.  Because  elastic  work  is  stored  in 
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the  surrounding  water  medium  as  a  state  of  higher  free  energy  we  referred  to  this  as  a 
hydroelasticity  model. 


Fig-  14:  (A)  A  network  of  hydrogen  bonded  water  molecules  covers  the  exposed  side  of  each  of 
three  phenylalanines  in  A47MP.  (B)  The  solvation  free  energy  (Kcal/mol)  increases  with 
increased  torsional  (phi  angle)  displacement  (degrees)  of  the  phenylalanine  side  chain  from 
partially  to  fully  exposed  to  the  surrounding  medium. 

E.2.  Hydrophobic  cross-links  and  elastic  recoil 

The  A11SMS  loop  sequence,  the  phenylalanine  loop  region,  constitutes  a  simple  structural  model 
for  the  estimation  of  the  elastic  force  developed  by  abductin  upon  an  applied  external 
deformation.  Two  A11SMS  loop  sequences  were  placed  in  close  contact  and  energy  minimized 
after  10  picoseconds  of  anneal  dynamics.  The  dimer  was  then  pulled  apart  from  its  closest  point 
of  approach  in  increments  of  0.2  A.  Equation  (4)  was  employed  to  calculate  the  change  in 
solvation  free  energy  as  a  function  of  the  separation  distance  (Fig.  15  A).  This  procedure  resulted 
in  the  plot  shown  in  Fig.  15B.  One  phenylalanine  captures  both  loop  sequences  leaving  the  other 
available  for  “crosslinking”  to  a  separate  loop,  a  geometry  reminiscent  of  a  leucine  zipper.  This 
dimeric  form,  which  we  termed  snapped,  has  an  equilibrium  distance  Ro  in  water  3.4  A  away 
from  the  point  of  closest  contact.  The  depth  of  the  free  energy  solvation  well,  the  energy 
required  to  break  the  hydrophobic  cross-link,  is  approximately  5.3  Kcal/mole.  The  restorative 
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force  can  be  estimated  by  fitting  the  bottom  of  the  well  section  of  the  hydrophobic  free  energy 
potential  analytically  and  evaluating  the  second  derivative  at  R*,. 

&G5oMsmpped)=  19.2  (R-Ro)2  +1.6  (R-Ro)  -78.1  (5) 

This  gives  a  value  of  38.4  Kcal/mol-A.  This  is  the  predicted  value  for  the  elastic  force 
responsible  for  bringing  the  abductin  mimetic  back  to  its  native  globular  state,  either  in 
compression  or  elongation  according  to  the  hydroelasticity  model  (4). 
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Fig.  15(A)  Typical  structure  of  a  hydrophobic  cross-link  configuration.  The  hydrophobic  cross¬ 
links  was  displaced  from  its  position  of  closest  approach  in  0.2  A  steps  and  the  solvation  free 
energy  (AG  Kcal/mol)  evaluated  with  Equation  (4).  (B)  The  change  in  solvation  free  energy 
against  displacement  (angstroms)  leads  to  a  elastic  restorative  force  upon  positive  and  negative 
deformations  from  the  stable  (well  bottom)  position. 


F.  Conclusions 

F.l.  Scientific  Conclusions 

The  globular  abductin  protein  has  evolved  to  optimize  recoil  under  compression.  Abductin  is 
shown  to  contain  long  repeat  sequences  of  hydrophobic  groups  flanked  by  glycine.  Using  these 
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repeat  sequences  along  with  partial  Factor  XIII  substrate  sequences,  a  mimetic  peptide  of 
abductin  was  designed,  modeled,  synthesized  and  tested.  The  mimetic  peptide  forms  a  stable 
rubbery  hydrogel  capable  of  sustaining  a  load  under  compression  even  in  the  absence  of  covalent 
cross-links.  These  results  suggest  that  self-assembly  of  functional  biomaterials  can  be  achieved 
through  a  network  of  non-covalent  “hydrophobic”  cross-links.  The  magnitude  of  the  recoil  force 
can  be  quantitatively  predicted  using  structural  information  and  a  “hydroelasticity”  model  based 
on  the  changes  in  solvation  free  energy  of  the  various  molecular  surface  areas  exposed  to  water. 
In  contrast  to  classical  theory  of  rubber  elasticity,  enthalpic  contributions  are  important.  The 
disruption  of  the  hydrogen  bond  network  around  additional  non-polar  groups  exposed  during  the 
deformation  process  leads  to  a  higher  enthalpy  state.  Entropic  contributions  are  present  and  just 
as  in  the  case  of  synthetic  elastomers  the  entropy  of  the  deformed  state  is  lower,  owing  the  higher 
water  organization  of  the  first  coordination  solvation  shell. 

F.2.  Significance/Innovation 

The  research  data  described  above  is  a  significant  contribution  to  both  biology  and  the  elastomer 
industry  having  potential  ramifications  in  medicine  (see  section  F.3.  Medical 
Importance/Application(s)).  The  contribution  to  biology  includes  a  unique  “hydroelasticity 
model”  that  sheds  light  on  the  contribution  of  hydrophobic  amino  acid  side  chains  to  the 
production  of  compressive  elasticity.  We  have  also  obtained  preliminary  data  that  indicates  that 
hydrophobicity  alone  can  drive  molecular  self-assembly  of  three-dimensional  protein  matrices. 
In  general,  the  data  described  in  this  report  also  elucidates  the  mechanism  by  which  abductin 
monomers  might  assemble  to  form  the  compressible  abductor  ligament  found  in  scallops. 

The  contribution  of  this  project  to  the  elastomer  industry  is  far  reaching.  It  is  quite  possible  that 
this  project  has  shown  the  feasibility  for  making  bioelastomer  materials  from  rationally  designed 
peptides.  One  might  say  that  this  project  marks  the  beginning  of  the  “bioelastomer  industry”. 
One  very  important  feature  of  bioelastomers  is  that  they  may  be  mass  produced  in  an 
environmentally  safe  manner  using  expression  systems  such  as  plants  as  opposed  to  the 
environmentally  detrimental  production  processes  for  the  production  of  conventional  rubber 
elastomers  and  analogues  such  as  fluoroelastomers. 
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F.3.  Medical  Importance/Application(s) 


F.3.1  Chondrocyte  Seeded  Molecular  Scaffold  for  Cartilage  Replacement 
In  the  United  States  there  are  over  500,000  surgical  procedures  each  year  relating  to  cartilage 
repair,  resulting  in  an  estimated  market  potential  of  $600  million.  State  of  the  art  procedures 
include  cartilage  grafts  from  the  patient,  and  marrow  cell  stimulating  techniques,  such  as 
abrasion  arthroplasty,  drilling,  and  microfracture,  that  populate  damaged  portions  of  articular 
cartilage  with  pluripotential  stem  cells  (23).  However,  these  cells  produce  fibrocartilage  repair 
tissue  that  lacks  the  compressibility  of  naturally  occurring  hyaline  cartilage  (articular  cartilage) 
and  surgical  intervention  only  delay  cartilage  degeneration.  Because  there  is  currently  no 
approved  biomaterial  for  the  treatment  of  articular  cartilage  defects,  and  since  a  significant 
backlog  of  patients  exists,  it  is  difficult  to  exactly  quantify  this  market.  A  worldwide  market 
potential  for  a  developed  product  could  conservatively  be  estimated  at  $1.2  billion/year. 

Current  treatment  methods  for  damaged  cartilage 
involve  the  use  of  cultured  autologous  chondrocytes 
that  are  cells  of  a  committed  pathway  to  develop 
hyaline-like  cartilage.  These  chondrocyte  cells  can  be 
seeded  into  collagen  gels  (24),  collagen  matrices  (25) 
or  hydroxyapatite  (26)  then  implanted  into  damaged 
areas  of  full-thickness  articular  cartilage.  These  current  methods  of  treatment  have  experienced 
some  success  thus  far  in  animal  models. 

We  envision  that  an  abductin-based  bioelastomer  will  be  a  better  resorbable  molecular  scaffold 
for  autologous  chondrocytes  due  to  its  elastic  and  gel-like  attributes.  Because  the  rationally 
designed  abductin-based  bioelastomer  resembles  abductin  and  can  be  modified  to  have  a  Young 
modulus  similar  to  that  of  hyaline  cartilage,  the  new  abductin-based  bioelastomer  is  predicted  to 
be  suitable  to  withstand  the  shear  forces  endured  by  weight  bearing  joints. 
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F.3.2  A  Vertebroplastic  Biomaterial  for  the  Treatment  of  Osteoporosis 

Osteoporosis,  or  porous  bone,  is  a  disease  characterized  by  low  bone  mass  and  structural 
deterioration  of  bone  tissue,  leading  to  bone  fragility  and  an  increased  susceptibility  to  fractures 
of  the  hip,  spine,  and  wrist.  Osteoporosis  is  a  major  public  health  threat  for  more  than  28  million 

Americans,  80%  of  whom  are  women.  In  the  U.S.  today,  10 
million  individuals  already  have  the  disease  and  1 8  million  more 
have  low  bone  mass,  placing  them  at  increased  risk  for 
osteoporosis.  The  estimated  national  direct  expenditures 
(hospitals  and  nursing  homes)  for  osteoporotic  and  associated 
fractures  was  $13.8  billion  in  1995  alone  ($38  million  each  day) 
with  costs  rising  (National  Osteoporosis  Foundation). 

Fractures  resulting  from  osteoporosis  can  be  debilitating,  causing  chronic  pain  and  disability. 
Biomaterials  such  as  the  rationally  designed  abductin-based  bioelastomer,  offer  the  chance  to 
stabilize  the  fractures  and  give  time  for  the  natural  healing  process  to  take  its  course. 
Specifically,  the  abductin-based  bioelastomer  can  be  used  as  a  means  to 
stabilize  or  temporarily  immobilize  the  spine  so  that  it  does  not  collapse 
and  cause  compression  to  the  spinal  cord.  Current  materials  include 
injectable  polymethyl  methacrylate  (PMMA  also  known  as 
Plexiglass™)  to  stabilize  vertebral  bodies.  This  material  is  widely  used 
in  orthopedic  surgery  in  a  procedure  called  vertebroplasty  to  fill  spaces  in  the  spine  that  have 
been  compressed  and  fractured  due  to  bone  loss.  Although  PMMA  has  good  properties  for  this 
application,  it  forms  a  permanent  bone  cement,  irreversibly  immobilizing  the  spine.  Since 
people  outlive  the  procedure  by  10  or  more  years  (not  withstanding  young  osteoporosis  patients), 
this  “cement”  treatment  is  less  than  optimal.  A  resorbable  biomaterial  that  will  allow  bone  to 
stabilize  is  needed  to  provide  a  permanent  biological  solution  (David  B.  Cohen,  Assistant 
Professor  of  spine  surgery  at  Johns  Hopkins  University  School  of  Medicine). 
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H.  Appendix 

N/A 

I.  Patents 

A  provisional  patent  (serial  #  60/184,590)  was  filed  on  February  24,  2000  entitled,  “Peptide 
Based  on  Scallop  Abductin  Primary  Structure”  by  Loma  Linda  University.  The  Veterans 
Administration  (VA)  has  declined  any  such  right  over  this  invention  and  therefore  the 
provisional  patent  has  been  assigned  to  Loma  Linda  University.  A  foreign  filing  license  was 
granted  as  of  April  28,  2000.  Loma  Linda  University  is  actively  preparing  for  the  filing  of  a  full 
patent  application  with  regard  to  this  invention. 

J.  Commercialization 

Loma  Linda  University  is  currently  involved  in  potential  commercialization  of  this  invention 
through  exclusive  or  non-exclusive  licensing.  We  envision  having  a  product  ready  for  exclusive 
or  non-exclusive  licensing  at  the  end  of  our  second  year  NMTB  funding  period. 

K.  Abstracts  and  Manuscripts 

K.  1 .  Manuscripts 
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Final  Report  for  #016-NWRA-FRASER 
FY97  and  FY98 

A  Vector-Doppler  Ultrasound  Velocimeter  for  Assessing  Carotid  Stenosis 


Introduction 

The  main  task  proposed  and  carried  out  during  the  entire  period  of  our  subcontract  (FY97 
and  FY98)  was  the  development  of  a  prototype  Vector-Doppler  Ultrasound  Velocimeter 
(VDUV)  for  the  measurement  of  the  degree  of  stenosis  in  carotid  arteries  by  measuring  the  blood 
velocity  in  the  carotid  arteries  using  ultrasound  signals.  Development  of  this  prototype  included 
both  (1)  hardware  design  and  fabrication  for  the  acquisition,  processing,  and  storage  of  data  and 
(2)  software  design  and  implementation  for  the  processing  and  display  of  the  appropriate  signals. 
The  prototype  was  tested  using  both  non-patient  data  and  patient  data  from  normal  and  diseased 
arteries.  We  also  assessed  the  market  for  the  commercial  application  of  the  VDUV. 


Design  and  Development 


Hardware  Development 

Figure  1  shows  the  electronic  block  diagram  for  the  prototype  VDUV  and  Figure  2  shows 
the  compact  ultrasound  scanhead  (the  central  transducer  is  the  transmitter  and  the  other  two  are 
receivers  all  focused  at  a  depth  of  about  1.5  cm).  The  Doppler-receiver  and  transmitter  boards 
and  digital  signal  processing  (DSP)  boards  were  custom-made  for  a  previous  project  and  only 
needed  to  be  modified  for  our  carrier  frequency  (5  MHz)  and  pulse  repetition  frequency  (PRF  of 
10  and  15  kHz).  The  Compuscope  1250  signal  acquisition  and  transfer  boards  were  obtained 
“off-the-shelf’  from  Gage  Applied  Sciences,  although  considerable  software  modifications  were 
required  by  our  consultant  to  get  them  to  perform  properly  (their  development  had  just  been 
completed  at  Gage).  Final  processing,  storage,  and  display  were  carried  out  in  a  Pentium  II 
440BX2  PC  using  both  Gage  software  for  data  transfer  and  Matlab  software  for  post-processing. 
The  scanhead  was  designed  by  us  and  fabricated  at  a  local  ultrasound  company. 

Figure  3  shows  the  how  the  tasks  for  the  data  acquisition  board  are  divided  up  for  one 
pulse.  The  DRT  boards  provide  a  RF  input  for  the  transmitter  and  a  RF  output  for  each  of  the 
two  receivers.  The  pulse  repetition  frequency  (PRF)  can  be  selected  at  either  10  or  15  kHz.  At  a 
given  delay  (8.8  (isec)  after  each  pulse  is  sent  (corresponding  to  one-cm  depth  below  the  surface 
of  the  neck)  the  signals  at  the  two  receivers  and  one  transmitter  are  sampled  with  12-bit  accuracy 
at  5  megasamples/sec  for  38.4  (isec  (i.e.,  3x64=192  samples).  This  sampling  rate  corresponds  to 
a  spatial  resolution  of  0.6  mm.  The  rate  at  which  these  pulses  are  sent  out,  the  PRF,  is  fast 
enough  to  ensure  that  the  velocity  of  the  blood  has  not  changed  substantially  between  pulses,  but 
slow  enough  to  ensure  that  the  reflected  signals  have  been  seen  by  the  receivers.  Three  seconds 
of  data  (about  three  cardiac  cycles)  are  collected  at  each  site. 
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Software  Development 

The  goal  of  having  an  operator-independent  instrument  for  measuring  carotid  blood  flow 
velocities  requires  an  algorithm  that  will  automatically  calculate  the  velocity  from  the  stored  data 
described  above.  The  algorithm  has  gone  through  an  extensive  evolution  since  we  started  on  this 
project  two  years  ago.  I  will  describe  the  state  of  the  algorithm  as  it  exists  currently  (i.e.,  where 
blood  velocities  less  than  200  cm/sec  can  be  automatically  calculated  -  discussed  further  in  the 
results  and  discussion  sections).  There  are  three  modules  in  the  VDUV  software:  data- 
acquisition,  data  transfer,  and  post-processing.  The  first  two  modules  are  covered  by  the  Gage 
software  (and  its  modification  by  us).  The  third  module  is  the  post-processing  software  and  is 
composed  of  several  steps.  First,  the  data  must  be  sorted  from  its  serial  form  into  arrays  for  each 
of  the  two  receivers  with  rows  corresponding  to  depths  and  columns  to  time.  This  task  was  done 
at  the  University  of  Washington  (part  of  the  work  carried  out  under  our  subcontract  to  them). 
Then  the  software  is  required  to  create  a  spectrogram  from  the  data  for  each  receiver  and 
automatically  find  the  optimal  depth,  optimal  systolic  peak,  and  peak  systolic  velocity.  This 
development  task  was  carried  out  here  at  Northwest  Research  Associates  (NWRA)  over  the  last 
two  years.  The  resulting  Matlab  program  (read_calcdoptpsv_NWRA2.m)  appears  in  Appendix 
A  (and  on  the  enclosed  floppy  disk)  and  is  documented  fairly  extensively.  A  brief  summary  of 
its  components  follows. 

•  The  quadrature  components  (i  and  q)  are  combined  to  created  one  time  series  each  for  the 
two  receivers  (named  the  red  and  yellow  transducers  for  their  color  code). 

•  Spectrograms  are  created  from  the  time  series  with  the  Matlab  FFT  algorithm  and  the 
frequencies  of  +-  lowf  1  (set  in  initial  conditions  -  usually  300  to  500  Hz)  are  filtered  out  to 
eliminate  the  reflections  from  the  moving  walls  of  the  artery. 

•  For  each  depth  (each  row  in  the  matrix)  a  rectangular  window  (wB)  in  time-frequency  space 
is  calculated  across  the  entire  space  and  the  maximum  such  window  (labeled  p)  is  selected  at 
each  depth.  Then  the  maximum  of  the  function  p(d)  is  found,  which  identifies  the  optimal 
depth. 

•  The  spectrograms  for  the  red  and  yellow  transducers  are  selected  at  the  optimal  depth,  the 
background  intensity  is  calculated,  the  point  at  which  the  spectral  intensity  is  four  times  the 
background  intensity  is  selected  as  the  spectral  envelope,  and  the  optimal  sign  of  the  Doppler 
frequency  (either  positive  or  negative)  is  also  selected.  The  optimal  systolic  peak  is  then 
selected  from  the  envelope. 

•  The  peak  Doppler  frequencies  are  then  calculated  from  these  systolic  peaks  in  the  time- 
frequency  domain  and  the  vector-Doppler  formula  (see  Appendix  B)  is  used  to  calculate  the 
vector  velocity. 

•  The  color-intensity  spectrograms  are  then  plotted  for  both  the  red  and  yellow  transducers. 
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Tests  and  Results 


Both  the  hardware  and  software  were  tested  at  various  points  in  their  development. 

These  tests  will  be  described  in  roughly  chronological  order;  laboratory  tests  first  then  tests  with 
human  volunteers. 

1.  Flow  through  an  orifice 

For  this  test  an  apparatus  was  used  that  modeled  the  human  carotid  artery.  The  device 
consisted  of  a  pump  and  tubing  system  designed  to  deliver  a  steady  flow  at  physiological  flow 
rates.  The  tube  was  16  mm  in  inside  diameter  and  had  a  40%  orifice  to  simulate  a  carotid 
stenosis.  The  VDUV  probe  was  operated  in  single-gate  mode;  i.e.,  it  received  pulses  at  one 
depth  only.  The  two  transducers  of  the  probe  were  set  at  30°  to  the  left  and  right  of  the 
perpendicular  to  the  flow.  The  probe  was  moved  with  a  micrometer  device  in  the  radial  direction 
in  0.5  mm  increments  from  0  (at  the  wall)  to  12  mm  across  the  tube  at  10  axial  positions:  at  5  cm 
upstream  of  the  orifice  and  at  1  through  9  cm  downstream  of  the  orifice. 

Two  key  aspects  of  data  processing  and  display  were  demonstrated  with  this  apparatus: 

a)  The  binary  data  was  unpacked  as  quadrature  pairs  for  each  of  the  two  transducers  over  a  one- 
second  period  (15,000  pulses).  This  step  showed  us  that  we  could  unpack,  parse,  process, 
and  display  the  data,  which  appeared  in  a  form  similar  to  the  clinical  case. 

b)  Then  similar  data  points  were  collected  over  the  entire  flow  field  and  saved  in  a  matrix.  The 
resulting  matrix  is  displayed  in  Figure  4  where  the  key  for  velocity  appears  on  the  color  bar 
at  the  right.  From  this  step  we  learned  how  to  display  a  flow  cross-section  like  we  might  see 
in  the  region  around  a  carotid  stenosis.  A  physician  would  immediately  see  flows  exceeding 
120  cm/sec  as  yellow  (a  possible  limit  for  healthy  carotid  flows)  and  the  more  clinically 
dangerous  velocities  as  red.  Of  course,  the  velocities  assigned  to  each  color  could  be 
modified.  As  one  would  expect,  the  highest  velocities  are  just  downstream  of  the  orifice  and 
approximately  in  the  middle  of  the  tube. 

2.  String  moving  at  constant  velocity  and  multi-gate  data 

For  this  test  the  data  was  taken  on  a  string  moving  at  constant  velocity  of  105  cm/sec  in  a 
tray  of  water.  This  time  the  VDUV  was  operated  in  multi-gate  mode  and  the  data  was  parsed  so 
that  the  Doppler  signal  at  a  given  depth  could  be  obtained  over  one  second  of  data  and  used  to 
create  a  power  spectrum  at  that  depth.  Specifically,  the  received  Doppler  signal  was  divided  into 
100  depths  (gates)  for  each  of  the  15,000  pulses/sec.  A  program  was  written  to  search  through 
the  power  spectra  at  each  depth  to  find  the  optimal  depth  associated  with  the  actual  depth  of  the 
string.  The  power  spectrum  at  the  optimal  gate-depth  of  1 1  (about  1.1  cm)  which  corresponds  to 
the  actual  string  depth  is  shown  for  a  single  transducer  in  Figure  5.  The  modal  velocity 
calculated  from  this  power  spectrum  was  1 1 1  cm/sec  and  was  within  6%  of  the  actual  velocity. 

3.  Flow  through  a  normal  femoral  artery 

Our  first  data  from  a  human  subject  were  taken  from  a  single  scan  through  the  femoral 
artery  (in  the  leg).  The  processing  techniques  developed  for  the  multi -gate  string  data  were 
applicable  to  this  data.  The  spectrograms  were  taken  over  one-and-a-half  cardiac  cycles  for  the 
left  and  right  transducers  separately.  The  left  transducer  (also  known  as  the  red  transducer 
because  of  its  color  code)  is  looking  into  the  flow,  so  its  signal  is  positive.  The  right  (or  yellow) 
transducer  signal  is  negative  because  it  is  looking  in  the  opposite  direction.  The  total  vector 
spectrogram  was  derived  from  combining  the  left  and  right  signals  into  a  single  spectrogram. 
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The  modal  velocity  was  derived  from  this  spectrogram  and  is  shown  in  Figure  6.  The  modal 
velocity  at  the  systolic  peak  derived  from  this  curve  was  50.25  cm/sec,  within  expected 
physiological  limits  for  normal  flow  in  the  femoral  artery.  These  results  suggested  that  our  study 
of  carotid  arteries  would  produce  good  results  as  well. 

4.  Flow  through  a  normal  carotid  artery  -  UW  system/NWRA  software 

In  the  human  study  descriptions  that  follow,  the  VDUV  transducer  head  was  combined 
with  the  UW  custom  Vector-Doppler  system  to  utilize  the  multi-gate  capability  of  the 
commercial  instrument.  These  tests  were  carried  out  before  we  had  our  own  Vector-Doppler 
electronics.  With  this  first  study  of  the  carotid  artery  we  developed  and  tested  an  optimum  depth 
and  optimum  systolic  peak  search  routine.  Figure  6  shows  the  peak  systolic  velocity  at  the 
points  measured  along  the  common  carotid  artery  of  the  subject.  These  velocities  are  within 
10%  of  the  velocities  calculated  with  the  UW  routines. 


5.  Flow  through  a  diseased  carotid  artery  -  UW  system/NWRA  software 

As  with  the  normal  carotid,  data  was  obtained  for  a  stenotic  carotid  artery  (80%  closed) 
using  the  UW  custom  Vector-Doppler  system  (this  patient  was  already  being  seen  as  part  of  a 
routine  exam  before  carotid  surgery).  The  scanhead  used,  however,  was  one  we  designed  at 
NWRA  and  had  fabricated  at  a  local  ultrasound  company  (Figure  2).  The  data  was  run  through 
our  algorithm  to  automatically  select  the  optimal  depth  and  optimal  point  of  peak  systole  and  to 
calculate  peak  systolic  velocity.  The  results  are  shown  in  Figure  7.  The  algorithm  correctly 
selected  one  of  the  systolic  peaks  (the  second  one)  and  found  peak  Doppler  frequencies  for  the 
red  and  yellow  transducers  of  4395  Hz  and  -5830  Hz  respectively.  This  in  turn  led  to  a  vector 
velocity  of  303  cm/sec,  within  10%  agreement  with  the  UW  calculations  and  within  the  expected 
velocity  at  the  stenosis  for  an  80%  closure.  Note  that  there  is  considerable  noise  in  the 
background  signal  around  the  spectrograms.  We  will  see  in  the  next  section  that  with  the  new 
electronics  designed  by  us  the  noise  is  virtually  imperceptible. 


6.  Flow  through  one  normal  and  two  diseased  carotid  arteries  -  NWRA  system  and 
software 

One  normal  subject  and  two  patients  with  carotid  stenoses  (one  at  60%  and  one  at  80% 
stenosis)  were  examined  using  the  new  NWRA  Vector-Doppler  multi-gate  electronics  (the 
VDUV)  and  the  NWRA  scanhead.  Measurements  with  the  VDUV  were  compared  to  the 
measurements  made  by  one  of  the  standard  duplex  ultrasound  instruments  used  in  the  clinical 
ultrasound  labs  at  UW  (typically  a  Hewlett-Packard  duplex  imager).  For  the  normal  subject  the 
VDUV  measured  a  velocity  in  the  common  carotid  of  1 10  cm/sec,  within  20%  of  the  duplex 
instrument.  For  the  case  of  the  60%  stenosis,  our  algorithm  found  the  optimal  depth  and  peak 
systolic  velocity  at  several  sites  along  the  carotid  artery,  specifically,  in  the  common  carotid, 
bulb,  stenosis,  and  internal  carotid.  Figure  8  shows  the  spectrograms  for  both  transducers  of  the 
VDUV  at  a  point  within  the  stenosis.  The  peak  frequencies  were  3457  Hz  and  -4287  Hz  (shown 
on  the  figure)  and  the  velocity  was  229  cm/sec.  A  measurement  at  a  point  within  about  one 
millimeter  from  this  one  gave  a  velocity  of  180  cm/sec  (the  velocity  gradients  are  severe  within  a 
significant  stenosis  like  this).  The  average  of  the  two,  204.5  cm/sec,  is  within  3%  of  the  velocity 
measured  by  the  duplex  instrument  at  200  cm/sec,  and  well  within  measurement  error  in  carotid 
stenoses  (10%  to  20%).  At  the  other  points  in  the  carotid  the  VDUV  read  about  20%  below  the 
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duplex  instrument.  This  difference  could  simply  be  due  to  operator  variance  and  measurement 
error  or  could  be  a  real  difference.  More  data  would  have  to  be  taken  to  decide  whether  or  not 
we  were  reading  consistently  below  the  duplex  instrument.  As  mentioned  above,  the  noise 
around  the  spectrograms  is  nearly  imperceptible. 

In  the  patient  with  the  80%  stenosis  the  velocities  in  the  stenosis  exceeded  300  cm/sec  (as 
measured  with  the  duplex  instrument).  The  spectrograms  with  the  VDUV  were  clear  and 
allowed  us  to  calculate  velocities  also  exceeding  300  cm/sec.  However,  the  automatic  algorithm 
did  not  give  the  correct  answer  here  because  the  Doppler  frequency  in  the  yellow  transducer 
exceeded  7500  Hz  (PRF/2).  Clearly,  more  work  must  be  done  to  improve  the  algorithm  to  read 
Doppler  frequencies  up  to  15,000  Hz  (the  PRF).  The  problem  was  being  able  to  find  a  way  to 
consistently  identify  the  peak  systolic  frequency  at  these  velocities,  the  way  a  trained  vascular 
technologist  does.  We  have  ideas  on  how  to  approach  this  (e.g.,  looking  at  the  relative  maxima 
and  minima  of  spectral  intensities  during  systole),  but  there  was  not  time  to  complete  the  work 
before  the  end  of  the  contract  period. 


Production  Prototype  and  Commercial  Prospects 

We  made  some  preliminary  designs  of  a  production  prototype  for  the  VDUV.  Figures  9 
and  10  show  a  possible  physical  layout  and  the  corresponding  electronic  block  diagram  for  a 
production  prototype.  In  this  design  what  now  requires  two  large  chassis  would  be  reduced  to  a 
chassis  of  about  one  cubic  foot.  The  PC  we  now  use  would  be  replaced  by  an  embedded 
microprocessor  and  an  LCD  display.  A  sketch  of  a  possible  2D  scanner  is  shown  in  Figure  1 1 . 
Scanning  takes  place  in  two  perpendicular  directions  allowing  the  area  of  interest  around  the 
carotid  bifurcation  to  be  scanned  from  one  position  (the  multi-gate  feature  of  the  VDUV  gives 
the  3rd  dimension  in  the  direction  of  depth).  The  gimbal  shown  holding  the  stepper  motor  for 
scanning  in  the  x  direction  is  driven  in  the  y  direction  by  a  second  stepper  motor.  The  entire 
gimbal  assembly  is  surrounded  by  electrically  non-conductive  fluid  to  ensure  a  proper  ultrasonic 
connection  to  the  subject’s  skin. 

After  a  year  of  searching,  we  found  no  interest  in  commercializing  the  VDUV.  There  are 
at  least  two  reasons  for  this.  First  is  the  lack  of  corporate  interest.  Of  the  two  ultrasound  firms 
we  know  about,  ATL  in  Bothell,  WA  has  recently  created  their  own  program  for  developing  a 
vector-Doppler  instrument  and  it  will  not  be  used  for  carotid  scanning  (apparently  its  proposed 
use  is  proprietary).  The  other  company,  Diagnostic  Ultrasound  in  Redmond,  WA,  already  has  as 
many  projects  as  they  can  handle.  Secondly,  a  search  on  the  web  revealed  that  there  is  little 
interest  in  carotid  screening  of  the  general  public,  as  it  is  not  perceived  to  be  cost  effective.  This 
apparently  rapid  change  in  attitude  (compared  with  three  years  ago  when  we  first  proposed  this 
project)  has  arisen  because  of  several  studies  (e.g.,  Longstreth  etal,  1998,  Hill  1998,  and  Lewis 
et  al,  1997)  showing  that  significant  asymptomatic  carotid  stenosis  (now  considered  as  >80%)  is 
extremely  rare.  As  a  result,  major  health-care  organizations  like  Kaiser  in  California  claim  that 
general  screening  for  carotid  stenosis  is  unwarranted  (Lee,  1997).  The  most  convincing  of  these 
new  studies  appeared  at  the  end  of  1998  (Longstreth  et  al,  1998)  (although  we  didn’t  see  it  until 
May  of  1999)  and  reported  on  the  screening  of  a  cross-section  of  the  general  population  over  the 
age  of  65.  They  found  that  the  prevalence  of  asymptomatic  carotid  stenosis  warranting  surgery 
(>=80%  stenosis)  is  only  0.25%  of  the  population  as  compared  to  the  6%  reported  by  Branas  et 
al  (1994),  a  factor  of  24  different.  Longstreth  confirmed  (private  conversation,  1999)  that  after 
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the  results  of  the  ACAS  study  came  out  (NINDS,  1994),  it  was  thought  that  one  only  had  to  set 
up  screening  sites  around  the  country  and  send  all  the  patients  found  with  stenoses  >  80%  for 
carotid  endarterectomy.  As  it  turns  out,  the  occurrence  of  asymptomatic  stenoses  of  this 
magnitude  are  far  too  rare  to  warrant  the  cost  of  screening.  The  money  would  be  better  spent  in 
educating  people  on  the  dangers  of  their  risky  life  styles  (overweight,  poor  diet,  lack  of  exercise, 
smoking,  etc.).  We  attempted  to  find  out  in  the  last  several  months  if  there  was  any  sentiment  to 
the  contrary  in  the  commercial  sector,  but  these  conclusions  were  only  confirmed.  We  did  feel, 
however,  that  it  was  worth  completing  the  project,  since  it  has  generally  gone  very  well  and  our 
results  with  clinical  data  looked  good.  There  are  other  uses  for  a  Vector  -Doppler  instrument  and 
some  of  these  are  being  explored  at  the  Division  of  Vascular  Surgery  at  the  University  of 
Washington  by  a  team  I  have  been  working  with  over  the  last  five  years  (including  Dr.  Kirk 
Beach  and  engineer,  Barbrina  Dunmire).  For  example,  they  are  looking  at  the  relationship 
between  hemodynamics  and  vascular  remodeling  in  vein  grafts  in  the  leg.  They  hope  to 
determine  hemodynamic  parameters  that  indicate  future  stenosis  or  occlusion  in  these  grafts  and, 
thus,  be  able  to  use  the  VDUV  to  guide  the  revision  of  the  grafts  to  prevent  occlusion.  This 
research  could  lead  to  a  product  used  by  physicians  to  guide  them  in  the  period  after  vascular 
surgery.  The  UW  team  is  considering  submitting  a  proposal  to  NMTB  to  continue  the 
development  of  the  VDUV. 


Discussion 

The  development  and  testing  of  the  VDUV  has  gone  very  well.  At  each  stage  the  results 
of  tests  show  that  the  VDUV  and  the  associated  software  have  performed  within  the  limits 
expected.  In  fact,  the  low  noise  level  in  the  new  electronics  was  an  unexpected  bonus.  There  is 
the  problem  of  getting  the  software  that  finds  systole  and  calculates  peak  systolic  velocity  to 
perform  correctly  at  velocities  over  300  cm/sec.  There  are  some  approaches  that  might  resolve 
the  difficulty,  as  mentioned  in  the  last  section.  However,  any  subject  with  a  carotid  blood 
velocity  exceeding  200  cm/sec  (60%  stenosis)  would  be  sent  for  a  full  duplex  exam.  So  the 
instrument  still  works  effectively  as  a  screening  device. 

The  lack  of  commercial  prospects  for  the  VDUV  as  a  carotid-stenosis  screening  device  is 
discouraging.  However,  as  mentioned  above,  the  applications  being  explored  at  the  University 
of  Washington  have  some  promise  of  commercialization. 
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Transmit 


Figure  1.  Block  diagram  of  the  VDUV  system. 
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Figure  2.  The  VDUV  scan  head  showing  the  transmitter  and  two  receivers. 
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Imaqe  of  flow  past  a  40%  orifice.  Velocity  range:  -27  cm/s  (dark  blue)  to  170  cm/s  (red) 
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Figure  4.  Two-dimensional  color-coded  image  of  modal  Doppler  velocities  in  a  plane 
parallel  to  the  tube  axis  for  flow  through  a  16-mm  tube  with  a  40%  orifice.  This  view 
shows  the  velocity  (from  blue  to  red)  at  each  point  in  the  flow  from  5  cm  before  the 
orifice  to  9  cm  downstream  of  the  orifice.  The  measurements  were  made  every  0.5  mm 
in  the  radial  direction  and  every  1.0  cm  in  the  axial  direction  downstream  of  the  orifice 
and  at  5  cm  upstream  of  the  orifice. 
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dopt  =  depth  of  maximum  string  velocity  =11 
number  of  points  in  fft  =  256 
low  freqency  cutoff  =  292.9688  Hz 
Doppler  frequency  at  max  power  =  1875  Hz 
corresponding  string  velocity  =111  cm/sac 


Figure  5 .  Power  spectral  density  of  the  Doppler  signal  from  a  string  moving  at  a  constant 
velocity  of  105  cm/sec  in  a  tray  of  water.  The  received  Doppler  signal  was  divided  into 
100  depths  (gates)  for  each  of  the  15,000  pulses/sec.  This  is  the  power  spectrum  at  the 
optimal  gate-depth  of  1 1  (about  1.1  cm)  which  corresponds  to  the  actual  string  depth. 
The  modal  velocity  (corresponds  to  the  frequency  with  the  greatest  power  density) 
calculated  from  this  power  spectrum  was  1 1 1  cm/sec. 
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dopt  =  depth  of  maximum  velocity  =  10 

number  of  points  in  fft  =  256 

low  freqency  cutoff  on  data  =  100  Hz 

number  of  poles  for  filter  =  5 

Doppler  frequency  at  max  power  =  1697.7809  Hz 

corresponding  blood  velocity  =  50.2543  cm/sec 


Figure  6.  Average  power  spectral  density  for  the  combined  left  and  right  transducer 
signals  for  blood  flow  in  the  femoral  artery  of  a  normal  volunteer. 
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Spectrogram  for  red  (top)  and  yellow  transducers 
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Figure  7 .  Spectrograms  of  the  Doppler  signals  at  depth  =  8 
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program  =  read-calcdoptpsv-NWRA2.m  (updated  2/3/00),  data  file  =  carotid-stenosisD-Fds4d2 


optimal  depth  lowf2  mave  =  111  300  20 

fpsr  fpsy  fmodr  fmody  zmaxr  zmaxy  =  3457 -4287  2100-3027  8  8 

vector  Doppler  frequency  =  7747  Hz  vector  Doppler  velocity  =  229  cm/sec 


Figure  8.  Spectrograms  of  the  Doppler  signals  at  depth  =  111 
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Figure  9.  Physical  Layout. 
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Figure  10.  Electronic  Block  Diagram. 
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Appendix  A 


Matlab  program  for  finding  the  optimal  depth  in  the  carotid  artery 
and  for  finding  the  optimal  systolic  peak 
and  peak  velocity  at  that  depth 


%  readme ale doptpsv_NWRA2  .m  updated  2/3/00 


%  This  is  a  combination  of  read_calcdopt_NWRA2 .m  and  read_calcpsv_NWRA2  .m 
%  The  7  parts  of  read_calcdoptpsv_NWRA2  .m  are  as  follows; 

%  1.  Data  is  read  in  from  with  read__new_f ile .m  and  saved  as  ir,  qr,  iy,  qy . 

%  2.  The  quadrature  components  (i  and  q)  are  combined  to  created  one  time  series  each 

%  for  the  two  receivers  (named  the  red  and  yellow  transducers  for  their  color  code) . 

%  3 .  Spectrograms  are  created  from  the  time  series  with  the  speegm  algorithm.  The 
%  frequencies  of  +-  lowfl  are  filtered  out  to  eliminate  the  reflections  from  the 
%  moving  walls  of  the  artery. 

%  4.  For  each  depth  (each  row  in  the  matrix)  a  rectangular  window  (wB)  in 
%  time- frequency  space  is  calculated  across  the  entire  space  and  the  maximum  such 

%  window  (labeled  p)  is  selected  at  each  depth.  Then  the  maximum  of  the  function 

%  p(d)  is  found,  which  identifies  the  optimal  depth. 

%  5.  The  spectrograms  for  the  red  and  yellow  transducers  are  selected  at  the  optimal 
%  depth,  the  background  intensity  is  calculated,  the  point  at  which  the  spectral 
%  intensity  is  4  times  the  background  intensity  is  selected  as  the  spectral 
%  envelope,  and  the  optimal  sign  of  the  Doppler  frequency  (either  positive  or 

%  negative)  is  also  selected.  The  optimal  systolic  peak  is  then  selected  from 

%  the  envelope. 

%  6.  The  peak  Doppler  frequencies  are  then  calculated  from  these  systolic  peaks  in 

%  the  time- frequency  domain  and  the  vector-Doppler  formula  is  used  to  calculate 

%  the  vector  velocity. 

%  7.  The  color-intensity  spectrograms  are  then  plotted  for  both  the  red  and  yellow 
%  transducers . 

%  Run  time  ~=  20  min 

%  Initial  conditions  (set  data  file  in  read_new_f ile .m) : 
clear  all 

filename='read-calcdoptpsv-NWRA2 .m' ; 
update= ' 2/3 /00 ' ; 

dataf ile= ' carotid-stenosis-l-Pls4dl ' ; 
dl=110  %  beginning  depth  to  search  for  dopt 

d2=130  %  final  depth  to  search  for  dopt 

PRF=15000  %  PRF=pulse  repetition  frequency 

nfft=256;  %  nfft=number  of  points  in  fft 

fdel=60;  %  size  of  sliding  window  in  freq  units (1024/15kHz)  for  calc  dopt 

tdel=10;  %  size  of  sliding  window  in  time  units ( 3 0/sec)  for  calc  dopt 

mave=20  %  size  of  moving  average  in  freq  units (1024/15kHz)  for  smoothing  B2h 

lowf 1=500  %  low  freq  cut  off  in  Hz  to  calc  dopt. 

lowf 2=3 00  %  Note  that  lowf2->500  will  lead  to  unrealistically  high  values  for 

%  peak  sys  vel,  so  must  recalc  B2h  with  lowf 2  for  psv  calc  in  part  3. 
fmax=PRF/2;  %  maximum  frequency  used  to  set  y-limits  in  Figure  1  below 
0=1.48*10^5;  %  sound  speed  in  water 

f 0=5*10^6;  %  insonating  frequency 

A=p i / 6 ;  %  A= angle  between  revr  and  trnsmtr 

%  1.  Read  in  the  data  (must  set  initial  conditions  and  file  name  in  read_new_f ile) 
read_new_f i le 

%  2 .  Find  optimal  depth 
for  d=dl:d2 

ir=ired(d, ; ) ; 
qr=qred(d, : )  ; 
r=ir+i*qr; 
iy=iyellow(d,  : )  ; 
qy=qyellow ( d, ; )  ; 
y=iy+i*qy; 

%  Calculate  the  spectrogram  of  r 

[B, f , t ] =specgram(r , 1024 , PRF, 1024,512)  ; 

B=abs (B)  ? 

[m,n] =size(B)  ; 
for  z=l:n 


B2  (  :  ,  z)  =f  ftshift  (B ( : ,  z)  )  ; 

end 

%  Create  a  filtered  spectrogram  B2h  for  r. 
lowfi=round(lowfl/(PRF/m)); 

B2h=zeros(m,n)+0.1;  %  filled  matrix  with  0.1  instead  of  1  because  of  low  sig  intens . 

B2h(l: 512-lowfi, :) =B2 (1 : 512-lowfi, :) ;  %  filters  out  band  of  +-lowfl  around  f=0 

B2h  ( 512+lowf i :  1024 ,  : ) =B2 ( 512  +  lowf i : 1024 ,  : )  ; 

%  Calculate  window  (fdel  in  freq  axis=x  and  tdel  along  time  axis=z)  for  r. 
for  z=l:n 

for  x=l : 1024- ( fdel-1) 

%  mB(x,z)=mean(B2h(x:x+fdel-l,z)  ) ;  %  power  in  sliding  window  in  x  direction 

mB  (x,  z)  =  (x+fdel/2) A2*mean (B2h(x: x+ fdel-1 , z) ) ;  %  2nd  moment  of  power  in  sliding 

window  in  x  direction 
end 

end 

[mmB,  xB]  =max  (mB)  ;  %  mmB(z)=max  of  mB  and  xB(z)=bottom  of  window  in  x-dir. 

for  z=l : n- ( tdel-1 ) 

wBr  (z)=mean(mmB(z:z+tdel-l)  )  ;  %  mean  power  in  sliding  win  in  z  direction  for  r 

end 

[mwBr ,  Bwzr]  =max  (wBr )  ;  %  mwB=max  of  wB  and  Bwz=left  side  of  B-window  in  z-dir 

%  Calculate  the  spectrogram  of  y 

[B, f , t] =specgram(y, 1024, PRF , 1024,512)  ; 

B=abs (B) ; 

[m, n] =size (B) ; 
for  z=l:n 

B2 ( : , z) =f ftshift ( B ( : , z ) ) ; 

end 

%  Create  a  filtered  spectrogram  B2h  for  y. 
lowfi=round(lowfl/ (PRF/m) ) ; 

B2h=zeros(m,n)+0.1;  %‘  filled  matrix  with  0.1  instead  of  1  because  of  low  sig  intens. 

B2h (1 : 512-lowfi ,  : ) =B2 (1 : 512-lowfi, : )  ;  %  filters  out  band  of  +-lowfl  around  f=0 

B2h ( 512+lowf i : 1024,  :} =B2 ( 512  +  lowf i : 1024  ,  :  )  ; 

%  Calculate  window  (fdel  in  freq  axis=x  and  tdel  along  time  axis=z)  for  y. 
for  z=l:n 

for  x=l : 1024- ( fdel-1) 

%  mB (x, z) =mean (B2h (x :x+ fdel-1 , z)  )  ;  %  power  in  sliding  window  in  x  direction 

mB  <x, z) =  (x+fdel/2)  A2 *mean (B2h (x :x+f del-1 ,  z)  )  ;  %  2nd  moment  of  power  in  sliding 

window  in  x  direction 
end 

end 

[mmB ,  xB  ]  =max  ( mB )  ;  %  mmB(z)=max  of  mB  and  xB(z)=bottom  of  window  in  x-dir. 

for  z=l:n- (tdel-1) 

wBy  ( z )  =mean  (mmB  ( z  :  z  + tdel-1 )  )  ;  %  mean  power  in  sliding  win  in  z  direction  for  y. 

end 

[mwBy,  Bwzy]  =max(wBy)  ;  %  mwB=max  of  wB  and  Bwz=left  side  of  B-window  in  z-dir 

if  mwBr>=mwBy  %  finds  out  if  max  xz  window  in  r  or  y  spectr. 

p (d) =mwBr ; 
else 

p (d) =mwBy ; 
end 

end  %  end  of  "for  loop"  for  optimal  depth  calculation 

[mp,  dp]  =max  (p)  ;  %  finds  the  max  of  p  (mp)  and  depth  of  mp  (dp) 

dopt=dp; 

dopt_.dl_d2_fdel_tdel_.lowf  1  =  [dopt  dl  d2  fdel  tdel  lowfl] 

%  plot  p 
clear  str 
figure (1) 

xlabel { ' Depth  index' ) 

ylabel ( 'p (max  power  in  fdelxtdel  window  at  each  depth)') 

title ([' Parameter  p  used  for  selecting  the  optimal  depth  (dopt)  of  the  Doppler  signal.']) 
hold  on 


set  (gca,  'ylim'  ,  [0  inf])  %  insures  that  we  only  look  at  maxp>0 

set (gca, ' xlim' ,  [dl  d2] ) 

plot(p) 

Tl= [' Program  =  filename, '  (updated  ',update,'),  data  file  =  datafile]; 

T2=['p  =  optimization  parameter  =  max  power  in  a  rectang  window  (fdel  x  tdel)  in  specgm 
space  for  each  depth.']; 

T3= [ 'Calculated  from  the  red  signal  specgm  with  frequencies  in  the  band  +/- 
'  ,num2str (lowfl)  ,  'Hz  removed.']; 

T4=  [ '  dopt  dl  d2  fdel  tdel  lowfl  =  '  ,  num2str  (dopt_dl_d2_fdel_tdel_lowf  1)  ]  ; 

T5=['Figure  1.  Plot  of  the  optimization  parameter,  p.']; 

str (1) ={T1} ; 

str ( 2 ) = {T2 } ; 

str (3 ) ={T3 } ; 

str  (4)={T4) ; 

str ( 5 )={''} ; 

str (6) ={  "  } ; 

str (7) ={T5} ; 

h=axes ( 'position' , [0  0  1  1] , 'Visible ',' of f ') ; 

set (gcf , 'currentaxes ' ,h) 

text ( . 1, - . 1 , str, 'FontSize' ,11) 

hold  off 

%  3.  Find  the  max  of  the  spectral  envelope  (envrmax  &  envymax)  for  each  transducer. 

%  Get  r  and  y  at  dopt . 
d=dopt ; 

iy=  iyel  1  ow ( d ,  :)  ;  %  colors  of  1st  and  2nd  transducers  for  i  and  q 

ir=ired(d, : ) ? 

qy=qyellow (d, : ) ; 

qr=qred (d, : ) ; 

y=iy+i*qy; 

r=ir+i*qr ; 

%  Calculate  the  spectrogram  of  r  (the  red  complex  signal) 

[B, f , t] =specgram(r , 1024 , PRF, 1024,512)  ; 

B=abs (B)  ; 

[m,  n]  =size  (B)  ; 
for  z=l:n 

B2 ( : , z ) =f f t shift ( B ( : , z ) ) ; 

end 

%  Create  a  filtered  spectrogram  B2hr. 
lowf  i=round  ( lowf2  /  (PRF/m)  )  ; 

B2h=  zeros  (m,n)  +0 . 1  ?  %  filled  matrix  with  0.1  instead  of  1  because  of  low  sig  intens  . 

B2h  { 1 :  512-lowf i ,  :  )  =B2  ( 1 :  512-lowf i ,  : )  ;  %  filters  out  band  of  +-lowf2  around  f=0 

B2h  ( 512+lowf i : 102  4 ,  : ) =B2 ( 512  +  lowf i : 1024 ,  :)  ; 

B2hr=B2h? 

[mb ,  mbj  ]  =max  (B2hr )  ;  %  calc  mbj  =  modal  freq  index  as  fnc  of  time 

mbjmr=mbj-m/2 ;  %  shifts  1  to  1024  range  to  -512  to  512  range 

%  Find  specgm  envelope  for  red  signal 
B2hudr=flipud(B2hr) ; 

BGr=mean(mean(B2hr) ) ; 
for  z=l:n 

if  mean  (mean  (B2hr  ( 1  :m/2,  : )  )  )  >=mean  (mean  (B2hr  (m/2  :m,  : )  )  )  %  true  =>  Dopp  freq  <  0 

clear  Bave 

Bave  ( 1  :mave/2 )  =mean  (B2hr  (1  :mave/2  ,  z)  )  ; 

for  j  =mave/2  +  l  :m/2-mave/2  ,  Bave  ( j  )  =mean  (B2hr  ( j  -mave/2  :  j+mave/2  ,  z)  )  ;  ,  end 
if  Bave  ( 1 )  <=BGr ,  Benvr  ( z )  =Bave  ( 1 )  ;  ,  else ,  Benvr  ( z )  =BGr ;  ,  end  %  picks  the  lesser  of 

Bave(l)  or  BGr  to  create  envelope 

if  f  ind  (Bave>=4*Benvr  ( z )  )  ;  %  tests  if  there  is  a  Bave>4*Benvr  ( z)  ;  if  not  env=0 

envr2 ( z ) =m/2-min ( find (Bave >= 4 ♦Benvr ( z) ) ) ;  %finds  where  specgm  emerges  from  bckgrd 
else 

envr2 ( z) =0 ; 

end 

if  Bave(l)<10*BGr,envr(z)=envr2(z)  else,  envr  (z)  =m/ 2 -mave/2 ;  ,  end  %need  to  have  this 
cond  if  Dop  freq  at  max  (e.g.,5kHz) 
flagr=-l; 
else 


%  true  =>  Doppler  freq  is  primarily  >  0 


clear  Bave 

Bave  ( 1  :mave/2 )  =mean{B2hudr  {1  :mave/2 ,  z)  )  ; 

for  j=mave/2+l :m/2-mave/2 ,  Bave  ( j  )  =mean  (B2hudr  ( j-mave/2  :  j+mave/2 ,  z )  )  ;  ,  end 
if  Bave  ( 1 )  <=BGr ,  Benvr  ( z )  =Bave  ( 1 )  ;  ,  else ,  Benvr  ( z )  =BGr ;  ,  end  %  picks  the  lesser  of 
Bave ( 1 )  or  BGr  to  create  envelope 

if  find(Bave>=4*Benvr (z) ) ;  %  tests  if  there  is  a  Bave>4*Benvr ( z) ;  if  not  env=0 
envudr2 (z) =m/2-min ( f ind (Bave>=4*Benvr (z) ) ) ;  %finds  where  specgm  emerges  from 

bckgrd 

else 

envudr2 (z) =0/ 

end 

if  Bave(l)<10*BGr,envr(z)=envudr2 (z) ; , else, envr (z) =m/2-mave/2 ; ,  end  %need  to  have 
this  cond  if  Dop  freq  at  max  (e.g. ,5kHz) 
f lagr=l ; 

end 

end 

%  Calculate  the  spectrogram  of  y  (the  yellow  complex  signal) 

%  with  +-lowf2  removed. 

[B, f , t] =specgram(y, 1024 , PRF ,1024,512)  ; 

B=abs (B) ; 

[m,n] =size (B) ; 
for  z=l:n 

B2 ( : , z ) =f f tshif t (B ( : , z) ) ; 

end 

lowf  i=round  ( lowf  2  /  (PRF/m)  )  ; 

B2h=zeros (m, n) +0.1;  n  _  A 

B2h(l : 512 - lowf i, : ) =B2 (1 : 5 12 - lowf i,  : )  ;  %  filters  out  band  of  +-lowf2  around  f=0 

B2h (512+lowf i : 1024 , : ) =B2 ( 512+lowf i : 1024 , :) ; 

B2hy=B2h; 

[mb ,  mb  j  ]  -max  ( B2h)  ;  %  calc  mbj  =  modal  freq  index  as  fnc  of  time 

mbjrny=mbj-m/2;  %  shifts  1  to  1024  range  to  -512  to  512  range 

%  Find  specgm  envelope  for  yellow  signal 
B2hudy=f lipud (B2hy) ; 

BGy=mean(mean (B2hy) ) ; 
for  z=l:n 

if  mean  (mean  (B2hy  ( 1  :m/2  ,:)))  >=mean  (mean  (B2hy  (m/ 2  :m,  :))  )  %  true  =>  Doppler  freq  is 

primarily  <  0 

clear  Bave 

Bave  ( 1 :  mave /  2 )  =mean  ( B2hy  ( 1 :  mave  /  2  ,  z )  )  ; 

for  j=mave/2+l  :m/2-mave/2 ,  Bave  ( j  )  =mean(B2hy(  j-mave/2  :  j+mave/2  ,  z)  )  ;  ,  end 
if  Bave  ( 1)  <=BGy,  Benvy  ( z)  =Bave  ( 1)  else,  Benvy  (z)  =BGy ;  ,  end  %  picks  the  lesser  of 

Bave(l)  or  BGy  to  create  envelope 

if  f ind (Bave>  =  4*Benvy ( z ) ) ;  %  tests  if  there  is  a  Bave>4 *Benvy ( z )  ( z )  ?  if  not  env=0 

envy2 (z)=m/2 -min (find (Bave>=4* Benvy (z)  ))  ;  %finds  where  specgm  emerges  from  bckgrd 
else 

envy2 (z) =0; 

end 

if  Bave  ( 1)  <10*BGy,  envy  { z)  =envy2  ( z );,  else,  envy  (  z)  =m/2-mave/2  end  %need  to  have  this 
cond  if  Dop  freq  at  max=PRF/2 
f lagy=-l ; 

else  %  true  =>  Doppler  freq  is  primarily  >  0 

clear  Bave 

Bave  (1 : mave/ 2)  =mean  (B2hudy  ( 1 : mave/ 2  ,  z)  )  ; 

for  j  =mave /  2  + 1 :  m/  2  -mave  /  2  ,  Bave  ( j  )  =mean  (B2hudy  ( j -mave/2  :  j+mave/2  ,  z)  )  ?  ,  end 
if  Bave  ( 1)  <=BGy,  Benvy  (z)  =Bave  (1 );,  else,  Benvy  (z)  =BGy;  ,  end  %  picks  the  lesser  of 
Bave { 1 )  or  BGy  to  create  envelope 

if  f ind ( Bave>=4*Benvy ( z ) ) ;  %  tests  if  there  is  a  Bave>4*Benvy ( z) ;  if  not  env=0 
envudy2 (z) =m/2-min( find (Bave>= 4* Benvy (z) ) ) ;  %finds  where  specgm  emerges  from 

bckgrd 

else 

envudy2 ( z ) =0  ; 

end 

if  Bave  ( 1 )  <10*BGy ,  envy  ( z )  =envudy2  ( z)  ;  ,  else ,  envy  ( z)  =m/2-mave/2  ;  ,  end  %need  to  have 
this  cond  if  Dop  freq  at  max  (e.g. ,5kHz) 
flagy=l; 

end 


end 


%  4.  Find  the  optimal  systolic  peak  (found  from  transducer  with  the  highest  envave)  . 

[ envrmax ,  zmaxr ]  =max  ( envr )  ;  %  zmaxr=time  of  peak  systole  for  red  xducer 

( envymax ,  zmaxy ]  =max  ( envy)  ;  %  zmaxy=time  of  peak  systole  for  yellow  xducer 

if  flagr==-l  %  true  =>  Doppler  freq  is  primarily  <  0 

Tr=mean  (mean  (B2hr  (1 :m/2 ,  : )  )  )  %  mean  specgm  intensity  in  neg  half  of  red  xducer 

else  %  true  =>  Doppler  freq  is  primarily  >  0 

Tr=mean(mean(B2hr  (m/2  :mf  : )  )  )  %  mean  specgm  intensity  in  pos  half  of  red  xducer 

end 

if  flagy==-l  %  true  =>  Doppler  freq  is  primarily  <  0 

Ty=mean  (mean (B2hy  ( 1  :m/2 ,  : )  )  )  %  mean  specgm  intensity  in  neg  half  of  yellow  xducer 

else  %  true  =>  Doppler  freq  is  primarily  >  0 

Ty=mean (mean (B2hy  (m/2  :m,  : )  )  )  %  mean  specgm  intensity  in  pos  half  of  yellow  xducer 

end 

if  Tr>=Ty&abs  (zmaxr- zmaxy)  >2  %  condition  to  choose  time  of  systolic  peak 

zmaxy = zmaxr 

elseif  Ty>Tr&abs ( zmaxr -zmaxy) >2 
zmaxr = zmaxy 

end 

fmodr=  (PRF/m)  *mbjmr( zmaxr )  ;  %  modal  freq  of  at  systolic  peak 
fmody=  (PRF/m)  *mbj my  (zmaxy)  ;  %  modal  freq  of  at  systolic  peak 
if  flagr==-l  %  true  =>  Doppler  freq  is  primarily  <  0 

fpsr=-PRF/m*envr  (zmaxr)  ;  %  freq  at  peak  systole 

elseif  f lagr==l  %  true  =>  Doppler  freq  is  primarily  >  0 

fpsr=PRF/m* envr ( zmaxr ) ;  %  freq  at  peak  systole 

end 

if  f lagy==-l  %  true  =>  Doppler  freq  is  primarily  <  0 

fp  sy=- PRF/m*  envy  ( zmaxy)  ;  %  freq  at  peak  systole 

elseif  f lagy==l  %  true  =>  Doppler  freq  is  primarily  >  0 

fpsy- PRF/m* envy ( zmaxy) ;  %  freq  at  peak  systole 

end 

%  5.  Calculate  vector  velocity 

fp=fpsr+fpsy; 

fn=fpsr-fpsy; 

fps=( (fn/ (2  *sin (A) ) ) A2+(fp/ (2+2*cos (A) ) ) *2) A0.5; 
ups=c*fps/f 0; 
format  bank 

dopt_lowf2_mave  =  [dopt  lowf2  mave] 

f  ps  r_f  psy_fmodr_f  mo  dy_zmaxr_zmaxy= round  (  [  fpsr  fpsy  fmodr  fmody  zmaxr  zmaxy]) 

fps_ ups=round ( [ f ps  ups ] ) 

%  6.  Plot  spectrograms  as  subplots 
%  Plot  the  spectrogram  for  r  without  filters 
hold  on 
figure (2) 

f 2=linspace (-PRF/2 , PRF/2 , 1024 )  ; 
ti= [ 1 : n] ' ; 

maxB2hr=20*logl0 (max (max ( 10*B2hr) ) ) ;  %finds  max  of  B2hr  so  color  map  will  cover  correct 
range 

subplot (2,1,1) ; 

image (ti , f 2 , 20*logl0 (10*B2hr) ) ; 
axis ([In  -fmax  fmax] ) ; 
axis  xy; 

colormap  ( jet  (maxB2hr)  )  ;  %  plots  vs  ti  .  Factor  of  10  before  B2hr  is  to  insure  that  the 

signal  is  >>  1  =>  log(10*B2hr)  >  0. 

colorbar 

%  Plot  the  spectrogram  for  y  without  filters 
xlabel ( '  time  index' ) 
ylabel ( ' frequency (Hz) ' ) 

title  (['  Spectrogram  for  red  (top)  and  yellow  transducers']) 
f 2=linspace  {-PRF/2 ,  PRF/2 , 1024)  ; 
ti= [1 :n]  '  ; 

maxB2hy=20*logl0 (max (max ( 10*B2hy) ) ) ;  %finds  max  of  B2h  so  color  map  will  cover  correct 
range . 

subplot (2,1,2) ; 


image (ti , £2 , 20*logl0 (10*B2hy ) ) ; 
axis( [1  n  -fmax  fmax] ) ; 
axis  xy; 

colormap ( jet (maxB2hy) ) ;  %  plot  vs  ti.  Factor  of  10  before  B2hy  is  to  insure  that  the 

signal  is  »  1  =>  log(10*B2hy)  >  0. 

colorbar 

Tl=[ 'program  =  '.filename,'  (updated  '.update,'),  data  file  =  '.datafile]; 

T2=[' optimal  depth  lowf2  mave  =  ' , num2str (dopt_lowf2_mave)  ] ; 

T3=['fpsr  fpsy  fmodr  fmody  zmaxr  zmaxy  = 

'  ,num2str  ( fpsr_fpsy_fmodr_fmody_zmaxr_zmaxy)  ]  ; 

T4=['vector  Doppler  frequency  =  ' ,num2str (round(fps) ) , '  Hz  vector  Doppler 

velocity  =  ' ,  num2str  (round.(ups) )  ,  '  cm/sec']; 

T5= [ ' Figure  2.  Spectrograms  of  the  Doppler  signals  at  depth  =  ' , num2str (d) ] ; 

str (1) ={T1} ; 

str (2 ) ={T2} ; 

str (3 ) ={T3 ) ; 

str (4) =(T4) ; 

str (5) ={''}; 

str (6) ={ ' ' } ; 

str (7 ) ={T5} ; 

h=axes ( 'position' ,  [0  0  1  l],'Visible','off'); 

set(gcf, ' currentaxes ' ,h) 

text ( . 1, - .11, str, ' FontSize' ,10) 

hold  off 


Appendix  B 

Doppler  equation  for  the  UW  scanhead 


The  Doppler  frequencies  seen  at  the  r  and  y  receivers  are  as  follows: 


Eq.  ( 1 )  fr  =  kV[cos  0  +  cos(0  -  a)] 

Eq.  (2)  fy  =  kV[cos  0  +  COS(0  +  a)] 

where  k  =  %<  fo  =  cairier  frequency, 
and  c  =  speed  of  sound  in  tissue. 


xmt 


V  =  velocity 
of  blood 


Eq.  (3)  fn  =  fr-fy=  kv[cos(0  -  a)  -  cos(0  +  a)]  =  2kV  sin  0  •  sin  a 

Eq.  (4)  fp  =  fr  +  ^  =  kv[cos(0  -  a)  +  cos(0  +  a)  +  2  cos  0]  =  2kV  cos  0(l  +  cos  a) 
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The  long-term  objective  of  SRI  International  is  to  address  the  problem  of  human  performance  limitations  in 
microsurgery.  Current  microsurgery  techniques  are  used  with  good  success  rates  in  a  variety  of  applications  ranging 
from  surgeries  of  the  reproductive  organs,  urinary  tract,  eyes  and  ears  to  reconstructive  procedures  for  the  treatment 
of  traumatic  injuries  and  corrective  surgeries  to  treat  congenital  abnormalities.  However,  because  of  surgeon  hand 
tremor  and  the  fundamental  limits  of  human  fine  coordination  and  positioning  ability,  it  is  generally  quite  difficult  to 
successfully  manipulate  and  repair  blood  vessels  or  other  tissue  structures  that  are  smaller  than  about  1  mm  in 
diameter.  This  problem  is  perhaps  most  evident  in  microvascular  tissue  transplantation  and  digit  reattachment  in 
children,  where  the  small  size  of  vessels  and  nerves  (<0.5  mm  dia.)  often  makes  surgical  replantation  or  repair 
impossible.  Similar  limitations  arise  in  surgeries  of  the  eye  and  ear,  as  well  as  in  urological  and  neurosurgical 
procedures. 

Telepresence-based  microsurgery  has  the  potential  to  overcome  these  limitations  by  providing  surgeons 
with  a  magnified  workspace  in  which  they  can  comfortably  work  with  their  hands  on  conventional  instrument 
handles,  using  normal  hand  motions  and  experiencing  the  feel  they  would  expect  from  the  magnified  tissues  being 
viewed.  With  telepresence  technology,  microsurgeons  will  potentially  be  able  to  manipulate  very  small  tissue 
structures  with  relative  ease,  enabling  them  to  successfully  perform  a  variety  of  vascular,  urologic,  and  neurosurgical 
procedures  that  are  not  currently  possible. 

To  achieve  our  objective,  we  propose  to  undertake  a  three-year  research  program  in  which  we  will  apply 
and  successively  refine  telepresence  surgery  technology,  previously  developed  at  SRI  International,  for  an  advanced 
Telepresence  Microsurgery  System  (TMS)  that  will  enhance  human  capabilities  in  microsurgery.  Specifically,  we 
propose  to 

•  assemble  of  a  panel  of  expert  microsurgeons  to  advise  and  work  closely  with  the  SRI  technical  staff 

•  with  the  expert  panel,  determine  the  motion  access,  force  levels,  and  force  limits  necessary  to 
successfully  manipulate  the  tissues  and  place  sutures  in  microsurgical  procedures  as  the  size  of  the 
target  tissues  diminishes 

•  develop  micromanipulator  components  with  sufficient  sensitivity,  dexterity,  and  accuracy  to 
successfully  perform  microsurgical  procedures  on  tissue  structures  much  smaller  than  is  possible  with 
conventional  techniques 

•  develop  an  ortho  stereoscopic  imaging  system  that  preserves  human  spatial  perception  and  provides  a 
sharp  image  over  the  surgical  depth  of  field 

•  integrate  the  micromanipulator  and  imaging  system  into  an  advanced  telepresence  microsurgery  system 
(TMS) 

•  develop  microsurgical  techniques  for  joining  0.5-  and  0.25-mm  vessels  through  a  series  of  experiments 
using  training  models  and  animal  tissues 

Once  this  work  has  been  completed,  we  will  develop  design  rules  for  extending  microsurgery  to  smaller 
scales  and  for  developing  cost-effective  telepresence  systems  for  enhanced  human  microsurgical  applications. 
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1  INTRODUCTION 


SRI  International  (SRI)  is  pleased  to  submit  this  semiannual  report,  ITAD-10523-SR-00- 
043,  to  the  National  Medical  Technology  Testbed  (NMTB).  During  a  3-year  research  project  SRI 
is  applying  and  refining  telepresence  surgery  technology,  previously  developed  at  SRI,  for  an 
advanced  Telepresence  Microsurgery  System  (TMS)  that  will  enhance  human  capabilities  in 
microsurgery.  SRI’s  telepresence  microsurgery  technology  was  developed  under  internal  funding 
and  was  based  on  telepresence  technology  developed  under  a  contract  with  the  Defense 
Advanced  Research  Projects  Agency.  We  expect  to  generate  intellectual  property  in  the  form  of 
novel  technologies  and  designs  in  several  areas,  including  sensor-based  instrument  concepts  that 
maintain  control  of  tissue  without  damage,  and  methods  for  the  magnification  of  force  reflection 
to  the  surgeon’s  hand.  This  system  also  will  have  the  potential  to  be  used  in  telemedicine  for 
remote  microsurgery,  because  the  slave  system  can  be  operated  in  a  remote  location. 


2  MICROSURGERY  SYSTEM  DEVELOPMENT 


2.1  OVERVIEW 

As  part  of  the  initial  work  on  this  project,  SRI  conducted  interviews  with  doctors  and 
potential  commercial  partners  to  determine  the  areas  where  telerobotic  microsurgery  could  have 
greater  impact.  The  doctors  interviewed  included  hand  surgeons,  pediatric  heart  surgeons,  and 
pediatric  surgeons  practicing  minimally  invasive  techniques.  Three  main  areas  were  identified, 
some  of  which  expand  the  scope  of  this  project  beyond  what  was  initially  identified  by  SRI: 

1 .  Reduce  the  minimum  size  of  vessels  that  can  be  worked  on,  and  increase  the  sensing 
capabilities  of  microsurgeons  operating  on  small  amounts  of  tissue  (this  area  was 
identified  in  the  initial  proposal  to  NMTB). 

2.  Allow  regular  vascular  surgeons  to  perform  surgeries  currently  limited  to  specialized 
microsurgeons. 

3.  Open  up  the  possibility  of  performing  complex,  minimally  invasive  surgeries  to 
correct  conditions  ranging  from  heart  defects  to  digestive  system  problems  in  small 
children. 

The  system  development  approach  outlined  in  the  original  proposal  to  NMTB  addresses 
primarily  the  first  area.  The  plan  was  to  enhance  the  current  microsurgery  system  by  improving 
its  accuracy,  implementing  force  feedback,  and  adding  two  slow-moving  degrees  of  freedom 
(DOF)  to  the  base  of  the  slave  manipulator.  Adding  two  slow-moving  degrees  of  freedom  to 
reposition  the  4-DOF  manipulator  was  considered  the  most  feasible  way  of  enhancing  the 
dexterity  of  the  system.  Since  then  it  has  transpired  that  it  is  also  feasible  to  add  two  active 
degrees  of  freedom  to  the  distal  end  of  the  manipulator  by  using  some  recently  commercialized 
actuators  [RMB  2000],  effectively  addressing  the  second  and  third  areas  outlined  above.  The 
original  4-DOF  manipulator  is  shown  in  Figure  1 . 
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DOF  1:  Shoulder  Pitch 


DOF  2:  Shoulder  Roll 

DOF  3:  Elbow  Pitch 

DOF  4:  Elbow  Roll 


Figure  1. 4-DOF  Manipulator 


Figure  2.  New  6-DOF  Manipulator 
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A  microsurgery  system  with  two  active  degrees  of  freedom  and  a  capability  to  scale  the 
surgeon’s  movements  could  perform  the  standard  6-DOF  movements  made  in  regular  vascular 
surgery,  enabling  vascular  surgeons  to  perform  microsurgery  procedures  without  specialized 
training.  In  addition,  the  distal  degrees  of  freedom  will  incorporate  unique  components  that  can 
enable  the  development  of  new  tools  for  minimally  invasive  microsurgery  on  small  children. 
Minimally  invasive  robotic  surgery  is  currently  limited  to  adults  and  a  limited  number  of 
procedures,  mainly  because  of  the  lack  of  small  high-dexterity  tools.  The  new  components 
designed  by  SRI  for  the  TMS  would  enable  the  development  of  such  tools,  expanding  the 
applicability  of  minimally  invasive  robotic  surgery.  One  of  these  components,  an  electrically 
powered  microwrist,  has  been  presented  to  potential  commercial  partners  including  Intuitive 
Surgical,  Inc.,*  and  was  received  very  positively.  According  to  Intuitive  Surgical,  the  microwrist 
would  enable  current  minimally  invasive  robotic  surgery  systems  to  reduce  the  size  of  their  tools 
by  50%,  and  therefore  would  enable  the  systems  to  be  used  for  microsurgery. 

As  a  result  of  these  findings,  during  the  rest  of  Year  1  we  will  place  more  emphasis  on 
developing  an  enhanced  slave  system  with  two  additional  motorized  distal  degrees  of  freedom 
that  incorporate  some  of  these  components.  A  similar  task  was  initially  proposed  [Jensen  1999] 
for  Year  2  in  Task  9:  motorizing  the  slow-moving  degrees  of  freedom  at  the  base  of  the  robot. 
Because  of  the  increased  complexity  of  the  new  design,  during  Year  1  we  will  place  less 
emphasis  on  enhancing  force  feedback  and  increasing  the  resolution  of  the  current  system.  These 
areas  will  be  addressed  during  Year  2. 

Following  are  descriptions  of  each  of  the  tasks  described  in  the  statement  of  work  of  the 
original  proposal  [ibid.],  with  a  summary  of  the  progress  to  date. 

2.2  TASKS  AND  PROGRESS 

2.2.1  Task  1 :  Determine  Microsurgery  System  Requirements 

Task  1,  as  originally  proposed,  was  as  follows:  “SRI  will  determine  the  motion  access  and 
levels  of  force  necessary  to  manipulate  the  tissues  and  sutures  required  to  carry  out 
microprocedures,  as  well  as  to  determine  force  thresholds  for  damage  to  tissue  and  suture 
materials”  [ibid.]. 

This  task  has  been  performed  by  consultation  with  doctors  in  the  field  and  ex-vivo  tissue 
experiments. 

The  instruments  used  for  the  experiments  are  described  below: 

•  Instrumented  tweezers  with  strain  gages  placed  axially  to  measure  the  bending  of 
each  arm 

•  Instrumented  needle  holders  to  measure  the  force  required  to  hold  the  needles  in 
place 

•  A  precision  scale  with  a  fixture  to  hold  different  types  of  tissue  and  measure  the  load 
in  one  direction. 


'All  product  and  company  names  mentioned  in  this  document  are  the  trademarks  of  their  respective  holders. 
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Most  of  the  tissue  used  in  the  experiments  was  extracted  from  dissected  pork  hearts  and 
included  samples  of  valves,  muscles,  arteries,  and  inner  heart  walls.  The  size  of  the  needles  used 
ranged  from  5-0  to  10-0. 

The  results  of  the  force  experiments  are  summarized  in  Table  1 .  Although  the  design  being 
developed  is  intended  mainly  for  smaller  needles,  from  the  results  obtained,  it  will  also 
accommodate  the  forces  required  by  larger  needles.  This  versatility  is  useful  since  some 
procedures,  such  as  pediatric  heart  surgery  to  correct  atrial  septum  defects  (ASDs),  combine  the 
use  of  small  (8-0)  and  large  (5-0)  needles.  In  addition,  the  process  of  dissection  to  prepare  the 
site  for  microsurgery  often  involves  larger  forces  than  the  ones  required  for  suturing  with  small 
needles. 


Table  1.  Needle  Forces 


PROCEDURE 

10-0  NEEDLE 
(9) 

9-0  NEEDLE 
(9) 

7-0  NEEDLE 
(9) 

5-0  NEEDLE 
(9) 

Pierce  Vessel 

5-15 

15-30 

10-30 

25-35 

Pierce  Muscle 

5-10 

10-30 

Pierce  Valve 

5-15 

10-15 

15-25 

30-40 

Pierce  Inner  Heart 
Wall 

5-10 

5-8 

40-100 

Tear  Vessel 

Tear  Muscle 

(Needle  bends) 

(Needle  bends) 

100 

60-120 

Tear  Valve 

250-300 

Bend  Needle 

12 

55 

150 

300 

Break  Suture 

5 

20 

50 

800 

Tie  Knot 

2 

5 

10 

80 

Hold  Needle 

500 

500 

750 

1500 

Table  2.  Tissue  Grasping  Forces 


ACTIVITY 

MAXIMUM  FORCE 
(9) 

Grab  1  mm  Vessel 

5 

Grab  Outer  Vessel  Wall 

20 

Pull  1  mm  Vessel 

100 

Pull  Muscle 

100 

Pull  Valve 

300 

2.2.2  Task  2:  Upgrade  Microsurgery  Manipulators  of  Prototype  TMS 

Task  2,  as  originally  proposed,  was  as  follows:  “We  will  improve  the  existing  SRI 
microsurgery  manipulator  system  for  use  in  the  proposed  research  program.  We  will  focus  on 
improved  force  feedback  and  increased  motion  scaling  (demagnification)  to  improve  both  the 
manipulation  capabilities  and  human  interface  for  microsurgery”  [ibid.]. 

The  following  work  was  accomplished: 

•  The  current  manipulator  was  modified  to  reduce  backlash  and  increase  precision,  by 
preloading  all  the  bearings  in  the  critical  joints  and  tightening  the  tolerances  of  the 
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precision  parts.  It  is  estimated  that  the  backlash  has  been  reduced  by  80%  from  that 
of  the  initial  prototype.  The  resolution  at  the  tip  of  the  tool  is  7.5  pm.  The  backlash 
is  less  than  0.5  pm. 

•  Some  new  quick-disconnect  tools  were  designed  and  built.  These  include  forceps, 
scissors,  and  needle  holders  that  can  handle  needles  ranging  in  size  from  8-0  to  12-0 
(Figure  3).  The  grip-activating  mechanism  described  in  Section  9  of  the  original 
proposal  [ibid.]  has  not  been  modified  yet  because  the  needle  gripping  forces  do  not 
make  it  suitable  for  a  lightweight  actuator. 

•  The  motion  demagnification  currently  is  being  developed  to  8X  and  16X. 

As  explained  in  Subsection  2.1,  work  on  the  force  feedback  based  on  force  sensors,  and 
experiments  with  force-limiting  controls  has  been  set  aside  until  the  new  Slave  Manipulator 
specified  under  Task  5  has  been  completed. 


Figure  3.  New  Tools  for  Microsurgery  System 


2.2.3  Task  3:  Upgrade  Imaging  System  of  Prototype 

As  proposed,  Task  3  was  as  follows:  “We  will  improve  the  existing  SRI  microsurgery  stereo 
vision  system  for  use  in  the  proposed  research  program.  We  propose  to  implement  and  test 
several  different  prototype  imaging  approaches  during  year  1 ,  so  that  we  can  compare  their 
performance  and  select  the  best  approach  for  further  development  in  Year  2”  [ibid.]. 
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The  following  work  is  underway: 

•  Installing  and  testing  a  microscope  (acquired  from  Carl  Zeiss)  with  automatic 
zooming  capabilities.  The  microscope  contains  a  powerful  light  source  and  increased 
depth  of  field.  The  system  is  being  borrowed  for  evaluation  and  will  be  tested  on 

a  set  of  controlled  experiments  by  a  surgeon. 

•  Installing  a  stereo  viewer  with  independent  optical  channels,  so  that  no  shuttering 
glasses  are  required.  The  viewer,  donated  by  Intuitive  Surgical,  Inc.,  is  expected  to 
increase  the  image  sharpness  and  the  comfort  level  of  the  surgeon. 

2.2.4  Task  4:  Conduct  Performance  Experiments 

As  proposed.  Task  4  was  as  follows:  “We  will  conduct  a  wide  range  of  performance 
experiments  with  the  upgraded  TMS  to  learn  as  much  as  possible  about  the  principles  of 
telepresence  microsurgery  before  embarking  on  the  new  design”  [ibid.]. 

No  experiments  have  been  performed  to  date,  as  the  hardware  is  still  being  updated.  The 
first  set  of  experiments  is  scheduled  to  start  at  the  end  of  April  2000.  This  set  of  experiments  will 
be  performed  with  the  upgraded  microsurgery  manipulator  system  from  Task  2,  and  the  new 
imaging  system  implemented  in  Task  3.  The  experiments  with  the  upgraded  TMS  system  will 
take  place  in  parallel  with  the  development  of  the  new  design.  The  reason  this  approach  has  been 
taken  is  that  the  features  of  the  new  design,  as  described  in  Subsection  2.2.5  (Task  5),  provide 
advantages  that  have  already  been  identified.  At  the  same  time,  some  of  the  results  of  the 
experiments  conducted  with  the  upgraded  TMS  system  can  still  be  used  to  improve  the  final 
design. 

2.2.5  Task  5:  Develop  Slave  Microvascular  Manipulator 

As  proposed.  Task  5  was  as  follows:  “Based  on  the  findings  of  Tasks  1  through  4,  we  will 
develop  a  new  pair  of  slave  manipulators  specifically  designed  for  use  in  vascular  microsurgery” 
[ibid.]. 

As  described  above  in  Subsection  2.1,  it  has  been  determined  that  developing  a  6-DOF 
manipulator  with  two  additional  distal  degrees  of  freedom  has  more  potential  for 
commercialization  than  increasing  the  resolution  and  force  feedback  of  the  current  system.  The 
key  component  to  achieve  this  is  a  microwrist  at  the  distal  end  of  the  manipulator;  this 
microwrist  (shown  in  Figure  4)  has  been  designed  and  is  being  prototyped.  This  wrist  contains  an 
internal  micromotor  3  mm  in  diameter  and  12  mm  in  length  (See  Figure  5)  that  provides  a  roll 
motion  to  the  surgical  tool.  The  final  surgical  tool  will  have  an  outside  diameter  of  5  mm, 
a  gripping  force  up  to  10  N,  and  a  torque  that  can  drive  a  needle  through  tissue  with  100  g  of 
force.  The  design  of  this  actuator  represents  a  breakthrough  in  the  development  of  robotic 
surgical  tools,  because  it  will  allow  the  development  of  very  small,  minimally  invasive  surgical 
tools  with  high  dexterity.  Currently,  the  smallest  surgical  tool  with  6  DOF,  developed  by 
Intuitive  Surgical,  Inc.,  has  a  diameter  of  9  mm,  which  makes  it  unsuitable  for  pediatric 
applications.  Other  efforts  to  activate  distal  joints  by  hydraulic  power  have  resulted  in  larger 
actuators  with  poor  performance  [Cavasoglu  et  al.  1998]. 
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Gripper 

Actuator 

Pulley 


Figure  4.  An  Axial  Section  of  the  Microwrist 


Figure  5.  3-mm  Geared  Motor  Used  in  Microwrist 

The  second  distal  degree  of  freedom,  which  provides  pitch  to  the  microwrist,  is  currently 
being  designed.  A  mock-up  of  the  two  additional  degrees  of  freedom  has  been  incorporated  into 
the  manipulator  (Figure  6)  in  order  to  study  the  kinematics  of  the  whole  system  for  performing 
anastomosis.  The  dynamics  of  the  system  are  being  analyzed  with  the  simulation  package 
Working  Model  3D. 

The  minimum  workspace  for  the  robot,  determined  in  consultation  with  surgeons,  is 
60  mm  x  60  mm  x  60  mm  (width  x  length  x  height).  The  space  where  the  precision  surgery  work 
is  performed  is  limited  to  20  mm  x  20  mm  x  10  mm. 
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Figure  6.  6-DOF  Mockup  of  Microsurgery  System 

The  system  specifications  for  each  of  the  distal  degrees  of  freedom,  based  on  the  results  of 
the  Task  1  measurements,  are  summarized  in  Table  3;  the  overall  system  loads  are  summarized 
in  Table  4. 


Table  3.  Specifications  for  Distal  Degrees  of  Freedom 


Distal  Pitch 

Target 

Maximum  Torque 

0.3  Nm 

Displacement  Range 

-45°  to  +45° 

Resolution 

1 0  pm  on  tip  of  tool 

Torque  Sensitivity 

0.0003  Nm 

Time  Constant 

180°  in  0.5  s 

Bandwidth 

10  Hz 

Distal  Roll  (Microwrist) 

Target 

Maximum  Torque 

0.003  (100  g  over  4  mm) 

Displacement  Range 

360° 

Resolution 

0.5°,  or  15  pm  at  tip  of  needle 

Force  Sensitivity 

Nonbackdriveable 

Time  Constant 

360°  in  0.5  s 

Bandwidth 

10  Hz 

Grip 

Target 

Maximum  Force 

10N 

Displacement  Range 

+/-300  or  6  pm  at  tip 

Resolution 

10  pm 

Force  Sensitivity 

0.01  N 

Time  Constant 

60°  in  0.5  s 

Bandwidth 

10  Hz 

8 


Table  4.  Maximum  Loads  on  System 


LOAD  ] 

TARGET 

Perpendicular  to  Gripper  X 

ION 

Perpendicular  to  Gripper  Y 

ION 

Pull  Along  Gripper 

10  N 

Push  Along  Gripper 

ION 

Torsional  Torque 

0.2  Nm 

3  CONCLUSIONS 

In  the  area  of  minimally  invasive  microsurgery  we  have  identified  new  applications  and 
commercial  opportunities  that  can  be  addressed  within  the  scope  of  the  current  TMS 
development.  We  have  designed  an  innovative  microwrist  for  the  current  system;  this  microwrist 
will  increase  the  active  degrees  of  freedom  of  the  manipulator  from  4  to  6  DOF.  This  will  greatly 
enhance  the  performance  of  current  systems  and  open  new  paths  in  the  development  of  surgical 
tools  for  minimally  invasive  surgery  in  microsurgery  applications  such  as  pediatric  surgery. 

Because  of  the  complexity  of  the  new  design,  which  is  greater  than  that  of  the  design 
initially  proposed,  we  will  perform  the  development  of  force  feedback  algorithms  and  force 
limiting  controls  in  Year  2  of  the  project.  We  can  do  so  because  some  of  the  design 
improvements  initially  planned  for  Year  2,  such  as  those  specified  in  Task  9,  will  be  addressed 
during  Year  1. 

The  current  system  has  been  partially  enhanced  and  experiments  at  the  end  of  this  April  are 
intended  to  provide  a  measure  of  the  improvements  in  tools,  in  the  accuracy  of  the  TMS  system, 
and  in  its  vision  system. 
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The  aims  of  this  project  are  1)  to  develop  an  in  vitro  model  of  mechanical  force  induced 
neurodegeneration  which  is  appropriate  for  the  use  in  studying  traumatic  head  injury  and  2)  to 
identify  new  therapeutic  strategies  to  reduce  the  neurological  damage  associated  with  traumatic 
head  injury.  An  in  vitro  model  of  mechanical  force  induced  neurodegeneration  would  greatly 
facilitate  the  study  of  the  effects  of  traumatic  brain  injuiy  and  the  elucidation  of  the  cellular 
mechanism  of  neurodegeneration.  Screening  and  assessment  of  new  compounds  with  the  potential 
for  reducing  the  severity  of  injury  would  also  be  facilitated.  An  understanding  of  the  cellular 
mechanism  of  neurodegeneration  that  occurs  following  traumatic  brain  injuiy  will  enable  us  and 
others  to  design  new  strategies  to  block  events  central  to  neurodegeneration,  thus 
reducing/preventing  the  neurological  deficits  which  accompany  traumatic  brain  injury. 

The  in  vitro  model  we  propose  to  develop  uses  a  differentiated  neuroblastoma  cell  line  and  exposes 
it  to  shear  and  strain,  the  forces  believed  to  be  important  during  head  injury.  We  will  use  a  variety 
of  pharmacological  and  biochemical  techniques  to  examine  the  mechanism  of  cell  death.  Based  on 
the  steps  in  the  mechanism  elucidated,  strategies  will  be  designed  to  prevent  mechanical  force 
induced  neurodegeneration. 


PROJECT  SITE(s)  ( Organization ,  City,  State): 


Texas  Engineering  Experiment  Station 
Bioscience  Engineering  Laboratory 
College  Station,  Texas  77843-3122 
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National  Medical  Technology  Testbed,  inc. 


Glaucoma  significance 


£  $600  M  for  surgery 
%  $400  M  for  drugs 
^  $800  M  for  indirect  costs 


Glaucoma  overview 
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Head  Injury 
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the  mechanism  of  neuronal  injury, 
potential  sites  for  therapeutic  intervention. 

Screen  new  drugs  for  treatment  of  injury  or  disease. 


Cell  deformation  analysis 
principle  strain 


Cell  deformation  analysis  -  system 


Increasing  duration  of  strain  does 
not  increase  extent  of  injury 


Duration  of  Injury  (minutes) 


Increasing  magnitude  and  periodicity  o 
stress/strain  increases  extent  of  injury 
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Pulsatile  shear  is  more  damaging  than  steady  shear. 

High  shear,  short  duration  is  comparable  to  moderate 
shear,  long  duration. 


G  protein  and  IP3  pathway  may  be 
involved  mechanism  of  cell  injuiy. 
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Pertussis  toxin  and  dexamethasone, 
inhibitors  of  Gi/o  and  PLC  (among  others),  respectively, 
attenuated  shear  stress  induced  injury. 


Cells  respond  to  repetitive  injury 
via  loss  of  tubulin  cytoskeleton. 
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Control  Sheared 


Antioxidants  and  NOS  inhibitors 
attenuate  cell  injury. 
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Peroxynitrites  may  be  important  in  cell  injury  mechanism. 


NMDA  channel  and  intracellular  stores 
antagonists  protect  cells  from  injury. 
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Relationship  between  intracellular  calcium  and  NO  production  is  not  obvious. 
Roles  of  NO  and  Ca2+  in  mechanism  are  probably  independent. 


Autoradiogram  of  SDS  PAGE  electrophoresis 
gel  shows  distinct  bands  of  protein  in  sheared 
cells. 


03 

Q 

o 

cvi 

A 


03 

Q 

o 

o 


03  03 

Q  O 
o  o 

LO  ^ 


<  DQ  O  Q 


Mechanism  of  injury  differs  when  cells 
are  streched  vs  exposed  to  shear  stress 


VNQ  peiueiuBejj  qijM  s||3Q  % 


uinjpa|/\|  in  ON  QAijeiau 


Time  after  injury  (hours) 


Summary 


All  methods  of  deforming  a  cell  are  not  equal. 

The  model  developed  may  be  appropriate  for  both  glaucoma  and 
head  injury  (under  different  strain  rate  conditions)  and  may  be  a 

useful  tool  in  drug  discovery. 
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ABSTRACT:  The  potential  damage  to  cortical  tissue  by  deformation  at  a  low  strain  rate  is 
currently  not  well  understood.  An  in  vitro  model  of  shear  stress  induced  cell  deformation  was 
used  in  order  to  illuminate  the  mechanism  of  cell  injury  associated  with  low  strain  rate.  We  show 
that  a  low  strain  rate  of  less  than  0.03  min'  is  achieved  in  our  shear  apparatus.  Application  of  a 
low  strain  rate  injuiy  to  differentiated  SH-SY5Y  cells,  a  human  neuroblastoma  line,  led  to 
phosphatidylsenne  accumulation  on  the  external  membrane  surface,  DNA  fragmentation,  and  loss 
of  cellular  redox  potential.  Lactate  dehydrogenase  (LDH)  release  by  injured  cells  did  not  differ 
significantly  from  LDH  release  from  untreated  cells,  indicating  that  the  low  strain  rate  injured 
cells  maintained  the  integrity  of  their  plasma  membranes.  These  results  demonstrated  that  low 
strain  rate  deformation  applied  to  SH-S  Y5Y  cells  leads  to  cell  injury  consistent  with  apoptosis. 
Understanding  the  relationship  between  strain  rate  and  cell  injury  may  lead  to  improved 
management  of  injuries,  both  traumatic  and  mild,  to  central  nervous  tissue. 


Key  Words:  apoptosis,  head  injury,  neuroblastoma,  shear  stress,  strain 
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INTRODUCTION 


Traumatic  head  injury  (TBI)  is  associated  with  the  generation  of  stress  and  strain  within 
the  cerebral  cortex.  During  TBI,  the  primary  injury  is  typically  diffuse  axonal  injury.  Diffuse 
axonal  injury  is  associated  with  high  shear  and  stress  rates  (Margulies  et  al.,  1990;  Ueno  et  al., 

1 995;  and  Chu  et  al.,  1994).  Shear  stresses  predicted  during  head  injury  are  on  the  order  of  4  x 
1 0  dynes  cm  .  Tissue  strain  is  predicted  to  reach  a  maximum  of  0. 1  to  0.2  within 
approximately  10  ms  of  impact  (Margulies  et  al.,  1990).  Strain  is  predicted  to  be  periodic  and 
dampen  with  time.  A  10%  strain  is  predicted  to  be  the  critical  strain  above  which  injury  occurs 
during  diffuse  axonal  injury  (Margulies  and  Thibault,  1992).  The  primary  injuiy  during  TBI  is 
not  likely  to  be  preventable. 

A  number  of  in  vitro  models  have  been  developed  to  investigate  the  effects  of  high  strain 
rate  injury  on  neurons  and  neuron-like  cells  (Cargill  and  Thibault,  1996;  LaPlaca  et  al.,  1997;  Ellis 
et  al.,  1995;  Rzigalinski  et  al.,  1997;  and  Maxwell  et  al.,  1994).  In  these  models,  the  duration  of 
shear  or  strain  applied  was  on  the  order  of  50  ms  to  200  ms,  with  an  associated  strain  rate  of 
greater  than  1  s'1  (LaPlaca  et  al.,  1997,  LaPlaca  and  Thibault,  1997).  Acute  injuiy  results  in 
lactate  dehydrogenase  (LDH)  release  (LaPlaca  et  al.,  1997),  uptake  of  propidium  iodine  (PI)  (Ellis 
et  al.,  1995  and  Rzigalinski  et  al.,  1997),  and  an  increase  in  intracellular  Ca2+  (Cargill  and  Thibault, 
1996;  LaPlaca  et  al.,  1997;  Ellis  et  al.,  1995;  and  Rzigalinski  et  al.,  1997).  Only  when  the  onset  of 
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injuiy  was  very  rapid,  did  significant  and  sustained  injury  occur  as  determined  by  LDH  release 
after  24  hours. 

The  effects  of  low  strain  rate  injury  on  neurons  and  neuron-like  cells  have  not  been  as 
well  studied  as  the  effects  of  high  strain  rate  injury.  Low  strain  rate  injury  may  be  important 
during  secondary  brain  damage  following  traumatic  injury  or  during  milder  injuries.  We  report 
the  development  of  an  in  vitro  model  of  cell  injuiy  in  which  differentiated  SH-SY5Y  cells  are 
subjected  to  strain  at  a  low  strain  rate  to  induce  cellular  damage.  We  show  that  low  strain  rate 
applied  to  differentiated  SH-SY5Y  cells  is  not  harmless,  but  leads  to  cellular  injury  consistent 
with  apoptosis.  Exposure  to  strain  at  a  low  strain  rate  for  10  minutes  leads  to  changes  in  the  cell 
membrane  properties  and  patterns  of  DNA  fragmentation  indicative  of  apoptosis.  These  results 
could  contribute  to  the  understanding  of  the  mechanism  of  neurodegeneration  during  mild  or  low 
strain  rate  injuries  to  the  central  nervous  system  (CNS). 
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MATERIALS  AND  METHODS 


Materials 

Tissue  culture  reagents  were  obtained  from  GibcoBRL  (Grand  Island,  NY).  Merocyanine 
540  was  from  Molecular  Probes  (Eugene,  OR).  Methanol  free  formaldehyde  was  obtained  from 
Poly  Sciences  Inc.(Warrington,  PA).  Dulbecco  phosphate  buffered  saline  (PBS)  was  obtained 
from  Pierce  Chemical  Co.  (Rockford,  IL).  Apoptosis  Detection  System,  Fluorescein  was 
obtained  from  Promega  (Madison,  WI).  Annexin  V  Apoptosis  Detection  Kit  was  obtained  from 
R&D  Systems  (Minneapolis,  MN).  The  lactate  dehydrogenase  (LDH)  diagnostic  kit  and  all 
other  chemicals  were  purchased  from  Sigma  (St.  Louis,  MO). 

Cell  Culture 

The  human  neuroblastoma  cell  line,  SH-S  Y5  Y,  a  kind  gift  from  Dr.  Evelyn  Tiffany- 
Castiglioni  (College  of  Veterinary  Medicine,  Texas  A&M  University,  College  Station,  TX),  was 
used  for  all  experiments.  The  cells  were  cultured  in  a  humidified  5%  (v/v)  C02/air  environment  at 
3?°C  and  grown  in  Eagles’  minimum  essential  medium  with  10%  fetal  bovine  serum,  100U  ml*1 
penicillin,  100  pg  ml'1  streptomycin,  and  3  mM  L-glutamine  using  standard  techniques.  For 
experiments  in  which  cells  were  exposed  to  shear  stress  and  viability  was  measured,  cells  were 
plated  at  a  density  of  4  million  cells  per  60  mm  tissue  culture  dish.  Cells  were  differentiated  in 
the  dish  for  6  -  9  days  by  adding  8  ng  ml'1  of  human  (5-nerve  growth  factor  (p-NGF)  directly  to 
the  culture  dish.  For  experiments  where  strain  and  strain  rate  were  measured,  10,000  cells  were 
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plated  per  35  mm  tissue  and  differentiated  with  8  ng  ml*1  human  (3-NGF  for  6-15  days  prior  to 
conducting  experiments. 

Shear  Stress  Application 

The  shear  stress  apparatus  was  a  modification  of  a  cone  and  plate  viscometer  previously 
described  in  detail  (Triyoso  and  Good,  1999).  It  consisted  of  a  GlasCol  stirrer  and  motor 
controller  (Terre  Haute,  IN),  and  a  stainless  steel  or  plexiglass  cone  (Texas  A&M  Chemical 
Engineering  machine  shop.  College  Station,  TX).  The  cone  had  a  5°  angle  relative  to  a  stationary 
tissue  culture  dish  containing  a  layer  of  SH-SY5Y  cells  and  outside  dimensions  such  that  it  had  1 
mm  clearance  from  the  dish  edge.  The  monolayer  of  cells  adherent  to  the  culture  dish  was 
exposed  to  fluid  flow  by  rotating  the  cone,  whose  tip  contacted  the  plate,  over  the  surface  of  the 
plate.  Culture  medium  fills  the  space  between  the  cone  and  the  layer  of  cells.  Only  those  cells 

within  a  1.5  mm  radius  of  the  center  of  the  culture  dish  (less  than  1%  of  the  cells)  were  displaced 
by  the  placement  of  the  cone. 

The  motor  controller  was  used  to  precisely  control  the  cone  angular  velocity,  Q.  The 
flow  generated  by  the  rotation  of  the  cone  is  characterized  by  the  Reynolds  number,  Nre 


where  p  and  p  are  the  density  and  viscosity  of  culture  medium,  respectively  (approximated  by  p 
and  p  for  water  at  system  temperature),  and  R  is  the  characteristic  length,  which  in  this  case  is 


6 


the  radius  of  the  plate.  For  conditions  used  during  this  study,  Reynolds  numbers  ranged  from  22 
to  202,  which  would  indicate  that  flow  could  be  assumed  to  be  laminar.  Using  the  laminar  flow 
assumption,  the  shear  stress  generated  on  the  cell  surface,  x^e ,  can  be  approximated  by: 


COS0, 

sin2  0, 


+  In(csc0,-cot01) 


1 

sin20 


(2) 


For  all  experiments,  a  culture  dish  containing  cells  was  positioned  beneath  the  cone,  the 
motor  and  controller  were  turned  on,  and  shear  stress  of  a  prescribed  magnitude  was  applied  for  a 
fixed  length  of  time.  For  viability  experiments,  the  entire  apparatus  was  placed  in  a  37  C 
incubator.  Culture  medium  was  replaced  with  fresh  warm  medium  immediately  prior  to  shear 
stress  application.  The  control  plate  was  treated  exactly  the  same  as  the  sheared  plate  except  for 
the  application  of  shear.  For  strain  measurements,  the  entire  apparatus  was  mounted  on  the 
stage  of  a  Zeiss  Axiovert  135  florescent  microscope  at  ambient  temperature. 

Strain  and  Strain  Rate  Measurement 


Strain  measurements  were  made  by  staining  cells  with  merocyanine  540  (MC540),  a 
fluorescent  dye,  and  using  video  microscopy  and  image  processing  to  capture  and  analyze  cell 
deformation  upon  exposure  to  shear  stress  using  our  apparatus. 

Stock  solutions  (1  mg/ml)  of  MC  540  were  prepared  by  dissolving  in  absolute  ethanol  and 
diluting  1:1  with  water.  MC  540  stock  was  stored  in  the  dark  at  4°C  until  needed.  To  stain  cells, 
human  NGF-p  differentiated  SH-S  Y5Y  cells  attached  to  the  dish  surface  were  washed  3  times 
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with  2  ml  of  a  5  mM  Tris-HCL  buffered  isotonic  saline  solution  to  remove  culture  medium.  The 
cells  were  exposed  to  18  MC  540  diluted  in  the  wash  buffer  for  10  min  at  ambient 
temperature  prior  to  being  washed  3  times  with  2  ml  of  Ringer’s  buffer.  SH-SY5Y  cells  were 
sheared  in  the  presence  of  Ringer’s  buffer. 

Fluorescently  stained  cells  were  observed  with  a  Zeiss  Axiovert  135  fluorescent 
microscope  (Thomwood,  NJ)  equipped  with  an  HBO  50W  short  arc  mercury  lamp.  Excitation 
and  emission  wavelengths  were  540  nm  and  605  nm,  repectively.  Images  were  captured  with  the 
Zeiss  continuous  image  capture  128  system.  Zeiss  Scientific  Image  Analysis  Software  was  used 
to  analyze  the  captured  images. 

Cell  Deformation  Analysis 

Cell  deformation  (strain)  was  estimated  from  the  shear  induced  shape  changes  in  the  cell. 
A  whole  cell  stretch  ratio,  Xj  was  defined  as  the  ratio  of  the  shear  induced  characteristic  length,  Lj, 
to  the  unstressed  length,  (Lj)0,  both  measured  in  the  ith  direction  (Eq.  3)  (16). 


Cell  lengths  for  SY5Y  cells  were  determined  by  measuring  the  lengths  of  a  rectangle  enclosing  the 
cells  (Figure  1).  The  cell  boundaries  were  determined  using  the  auto  tracing  feature  of  the  Zeiss 
Image  3.0  imaging  software  package.  The  principle  axis  was  chosen  to  be  the  axis  of  maximum 
elongation.  The  maximum  strain  in  the  ith  direction,  E  *,  was  calculated  from  the  relation 
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(4) 

A  nonlinear  least  squares  regression  was  used  to  estimate  cell  deformation  time  constants 


for  the  strain  data  as  a  function  of  time  using  an  equation  of  the  form  seen  in  Equation  5. 


E  = 


(5) 


where  E  is  the  cell  strain,  Emax  is  the  maximum  strain  observed,  t  is  time,  and  x  is  the  deformation 

time  constant.  We  assumed  that  the  deformation  time  constant  was  not  a  function  of  stress 
level. 

Strain  rate  was  determined  by  taking  the  time  derivative  of  Equation  5.  The  average  strain 
rate  was  determined  by  taking  the  integral  of  the  strain  rate  over  the  duration  of  the  strain  injury 
divided  by  the  duration  of  the  injury. 

Loss  of  Viability 

DNA  fragmentation  was  measured  using  a  TdT-mediated  dUTP  nick  end  translation 
(TUNEL)  assay  kit  from  Promega  (Fitchburg,  WI).  Cells  were  permeablilzed,  the  3’  OH  termini 
were  labeled  with  fluorescein- 12-dUTP,  and  whole  DNA  3’ends  were  labeled  with  propidium 
iodide  (PI)  according  to  the  procedure  outlined  for  cell  suspension  with  flow  cytometry  given  by 
the  manufacturer  with  minor  modifications.  For  each  measurement,  2-3  million  cells  (one  plate) 
were  used.  To  prepare  cells  for  the  TUNEL  assay,  the  culture  medium  was  removed  from  the 
culture  dish  and  trypsin/EDTA  was  added  to  gently  detach  the  cell  monolayer  from  the  dish. 
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The  cell  suspension  was  then  centrifuged  and  washed  with  phosphate  buffer  saline  (PBS). 
Afterwards,  cells  were  fixed  with  methanol  free  formaldehyde  for  20  minutes.  Another  wash 
with  PBS  was  performed  after  fixing  the  cells.  Finally,  the  cells  were  peimeabilized  by  adding 
ethanol.  The  cells  were  then  stored  in  -20°C  freezer  for  at  least  four  hours  before  carrying  out 
the  rest  of  the  procedure  outlined  by  the  manufacturer. 

Results  were  analyzed  on  a  FACS  Caliber  flow  cytometer  (Becton  Dickinson)  using  a  15 
mW  argon  laser  at  488  nm  excitation  wavelength.  Emission  filters  of  530  nm  bandpass  for  green 
fluorescence  (fluorescein  labeled  dUTP  in  this  case)  and  585  nm  for  red  (PI)  were  used. 
Electronic  compensation  was  used  to  prevent  bleed  through  fluorescence.  Forward  and  side  light 
scatter,  green  fluorescence,  FL1,  and  red  fluorescence,  FL2,  were  collected  and  analyzed  on 
30,000  cells/sample  with  Cellquest  software  (Becton  Dickinson).  The  two  parameter  histogram 
of  FL2  area  versus  FL2  width  was  used  to  gate  on  single  cells.  A  positive  apoptotic  region  on 
the  FL1  versus  FL2  histogram  was  set  so  that  <2%  of  the  non  sheared  cells  (control)  were 
positive  for  apoptosis.  The  fraction  of  cells  with  fragmented  DNA  was  determined  by  counting 

cells  with  green  (fluorescein)  fluorescence  whose  intensity  was  above  a  threshold  determined 
from  control  cells. 

The  accumulation  of  phosphatidyl  serine  (PS)  on  the  external  surface  of  the  cell  is  one  of 
the  changes  that  occur  in  the  cell  membrane  early  in  apoptosis  (Van  Engeland  et  al.,  1997).  The 
amount  of  PS  expression  was  probed  using  fluorescently  labeled  annexin  and  flow  cytometry. 
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Annexin  is  known  to  bind  preferentially  to  PS  in  membranes.  The  amount  of  annexin  binding  to 
cells,  an  indication  of  the  relative  PS  present  in  the  membrane,  was  determined  using  the  Annexin 
V  Apoptosis  Detection  kit  (R&D  Systems,  Minneapolis,  MN)  according  to  manufacturer’s 
direction.  Cells  were  counter-stained  with  PI  to  indicate  the  relative  permeability  of  the 
membrane.  Cells  were  detached  gently  from  dish  and  pelleted  by  centrifugation  at  500g  for  10 
minutes.  Cells  were  then  washed  in  PBS  and  pelleted  by  centrifugation.  Afterwards,  100|iL  of 
Annexin  V  Incubation  Reagent  (containing  0.25|xg/mL  annexin  and  5|xg/mL  PI)  was  added  for 
every  500,000  cells.  The  cell  suspension  was  incubated  in  the  dark  at  24°C.  Samples  were 
analyzed  using  flow  cytometry  within  1  hour  of  preparation  for  maximal  signal.  The  x  axis  of  the 
plot  is  the  log  of  Annexin- V-FITC  fluorescence  while  the  y  axis  is  the  log  of  propidium  iodide 
fluorescence.  Results  were  analyzed  on  the  FACS  Caliber  flow  cytometer  as  described  for  the 
TUNEL  assay.  Threshold  levels  for  annexin  positive  and  PI  positive  staining  were  determined 
from  staining  of  the  control  cells  and  are  indicated  by  the  vertical  and  horizontal  lines, 
respectively,  on  the  plot  of  flow  cytometry  results.  Cells  were  considered  annexin  or  PI  positive 
if  the  fluorescence  intensity  for  the  marker  exceed  the  preset  threshold. 

The  ability  of  cells  to  reduce  3-(4,5-dimethylthiazol-2-yl)-2,5-dipenyltetrazolium 
bromide  (MTT)  to  blue  formazan  crystals  was  taken  as  an  indicator  of  cellular  redox  potential 
and  viability  (Pollack  et  al.,  1995).  MTT  was  added  to  the  culture  medium  at  a  concentration  of  5 
mg  ml 1  and  a  volume  of  10%  of  the  total  volume  of  medium  in  the  culture  dish.  Cells  were  then 
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incubated  for  4  hours  in  the  humidified  37°C  incubator  with  5%  C02,  during  which  time 
metabolically  active  cells  reduced  MTT.  A  50%  dimethylformamide  (DMF),  30%  water  and 
20%  sodium  laurel  (SDS)  solution  at  pH  4.7  of  equal  volume  to  the  volume  of  medium  in  the 
culture  dish  was  added  to  stop  the  reaction  and  dissolve  the  formazan  crystals.  Cells  were 
incubated  with  the  DMF/SDS  solution  overnight,  after  which  time  the  absorbance  was  read  at 
580  nm  using  an  Emax  Precision  Microplate  Reader  (Molecular  Devices,  Sunnyvale,  CA). 

Percent  MTT  reduction,  a  measure  of  viability,  was  taken  as  the  ratio  of  the  absorbance 
measured  from  treated  cells  relative  to  the  absorbance  measured  from  untreated  control  cells. 

The  LDH  release  from  cells  was  measured  using  a  prepackaged  assay  (Sigma,  St.  Louis, 
MO)  according  to  the  manufacturer’s  directions.  The  assay  was  performed  using  the  procedure 
given  by  the  manufacturer  with  slight  modifications.  1  ml  of  sodium  pyruvate  solution  was 
added  into  each  NADH  vial.  The  vials  were  incubated  for  several  minutes  in  the  37°C  water  bath. 
100pL  of  pyruvate/NADH  solution  was  then  pipetted  into  each  of  10  eppendorf  microcentrifuge 
tubes.  Ten  pL  of  culture  medium  was  added  to  each  tube.  After  precisely  30  minutes  incubation 
at  room  temperature,  100  |iL  of  Sigma  color  reagent  was  added  to  the  mixture  to  stop  reaction. 
Twenty  minutes  later,  1  ml  of  0.4  M  NAOH  is  added.  The  solution  was  then  transferred  to  a  96 
well  plate  and  absorbance  was  read  at  405  nm  using  Emax  microplate  reader  (Molecular  Devices). 
The  percentage  LDH  release  was  determined  from  the  ratio  of  the  enzymatic  activity  (LDH 
release)  in  the  supernatant  of  cells  exposed  to  shear  stress  injury  relative  to  the  enzymatic 
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activity  in  the  supernatant  of  untreated  control  cells.  A  percentage  LDH  release  below  100  % 
indicates  that  the  LDH  activity  measured  in  the  supernatant  of  injured  cells  was  less  than  the 
LDH  activity  measured  in  the  supernatant  of  control  cells.  The  maximum  LDH  release  (that 
obtained  if  cells  are  lysed  with  detergent  or  osmotic  swelling)  was  approximately  300%  of  the 
untreated  control  cells. 

Data  analysis 

Data  presented  are  expressed  as  the  mean  ±  the  standard  error  of  the  mean  of  n 
independent  determinations.  Every  independent  determination  was  a  unique  culture  dish  exposed 
to  shear  for  the  specified  amount  of  time.  The  value  of  n  for  each  data  set  is  reported  in  the 
figure  captions.  To  determine  whether  a  given  data  set  was  significantly  different  than  a  control 
data  set,  the  student’s  t  test  with  unequal  variance  was  used.  A  criteria  for  significance  of  p<0.05 
was  employed  unless  otherwise  noted. 
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RESULTS 


We  examined  the  relationship  between  fluid  shear  stress  and  strain  in  differentiated  SH- 
SY5Y  cells  exposed  to  increasing  levels  of  shear  ranging  from  5  to  45  dynes/cm2  for  10  min  using 
our  modified  cone  and  plate  viscometer  apparatus.  As  seen  in  Figure  2,  the  principle  strain 
observed  in  cells  upon  their  first  exposure  to  fluid  shear  stress  reached  a  maximum  strain  level 
within  ten  minutes  of  stress  application  at  both  5  and  1 5  dynes/cm2  stress  levels.  The  maximum 
observed  cell  strain  increased  with  increased  stress  level.  We  calculated  a  time  constant  for  cell 
deformation  of  3il  min  from  the  data  shown  in  Figure  2.  The  maximum  and  average  strain  rate 
for  the  experimental  conditions  used  in  this  study  were  calculated.  The  maximum  strain  rates 
used  ranged  from  0.01310.005  min'  to  0.0310.01  min',  for  shear  stresses  ranging  from  5 
dynes/cm2  to  15  dynes/cm2 ,  respectively.  Average  strain  rates  were  0.00410.0007  min'1  to 
0.00810.001  min'1  during  10  minute  shear  stress  application  and  approximately  order  of 
magnitude  lower  when  shear  stress  was  applied  for  periods  of  two  to  three  hours. 

Cells  were  exposed  to  shear  stress  (low  strain  rate  injury)  and  at  various  times  after  shear 
stress  application  a  number  of  markers  of  cellular  injury  were  examined  in  order  to  determine  the 
nature  of  the  cellular  injury.  The  percentage  of  cells  with  DNA  fragmentation  in  negative 
controls  (no  stress),  positive  controls  (cells  treated  with  sodium  nitroprusside  (SNP)),  and  low 
strain  rate  injury  (shear  stress  for  10  minutes)  was  determined  using  the  TUNEL  assay. 
Representative  histograms  are  shown  in  Figure  3.  DNA  fragmentation  was  measured 
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immediately  after  cell  injury  was  terminated.  Low  strain  rate  injury  resulted  in  TUNEL  positive 
staining  (high  fluorescein-  12-dUTP  and  low  PI  staining)  in  13%  of  cells.  Approximately  35%  of 
cells  were  TUNEL  positive  after  treatment  with  SNP.  Both  SNP  and  low  strain  rate  lead  to  a 

significant  increase  in  the  percentage  of  cells  with  fragmented  DNA  relative  to  uninjured  controls 
(p<0.05). 

The  presence  of  phosphatidyl  serine  in  the  outer  membrane  of  the  cell  as  an  early  marker 
for  cell  injuiy  (apoptosis)  was  probed  using  fluorescently  labeled  annexin.  As  seen  in  Figure  4, 
after  10  minutes  of  shear  stress  application,  approximately  nineteen  percent  of  cells  stained 
positive  for  phosphatidyl  serine  as  compared  to  only  half  percent  in  unsheared  controls,  while  no 
significant  increase  in  PI  staining  was  observed  (p>0.2).  After  longer  injuries,  the  same  trend  was 
observed.  When  sodium  nitroprusside  was  added  to  cells  (positive  control),  both  an  increase  in 

phosphatidyl  serine  staining  and  an  increase  in  PI  staining  was  observed  relative  to  untreated 
controls. 

As  seen  in  Figure  5,  cells  subjected  to  low  strain  rate  injury  (constant  shear  stress 
application)  for  times  ranging  from  1 0  minutes  to  3  hours  show  no  significant  increase  in  the 

percentage  of  cells  with  fragmented  DNA  (p<0.05).  Cell  strain  did  not  increase  during  this  time 
period. 

Indicators  of  cell  injury,  LDH  release,  loss  of  MTT  reduction,  and  DNA  fragmentation, 
were  measured  as  a  function  of  time  folloiwing  low  strain  rate  injury  (Figure  6).  LDH  release,  a 
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measure  of  membrane  permeability,  did  not  increase  relative  to  controls  at  any  time  within  24 
hours  after  the  injury  (Figure  6A).  Even  at  48  hours  after  injury,  no  significant  LDH  release  was 
observed  (data  not  shown).  MTT  reduction  by  cells,  a  measure  of  the  redox  potential  of  the  cell, 
decreased  significantly  between  zero  and  three  hours  after  injury  to  a  level  of  71±5  percent  of 
MTT  reduction  measured  in  unsheared  control  cells  (p<0.01,  Figure  6B).  MTT  reduction  did 
not  decrease  further  or  return  to  near  control  levels  at  times  measured  after  3  hours  after  injury. 
Even  as  long  as  48  hours  after  injury,  MTT  reduction  was  still  reduced  relative  to  untreated 
controls  (63±12  percent).  The  percentage  of  cells  with  fragmented  DNA  increased  to  a  maximum 
level  of  1 8±5  percent  approximately  3  hours  after  injury  (Figure  6B).  The  measured  percentage 
of  cells  with  fragmented  DNA  then  decreased  during  the  next  21  hours.  At  all  times  3  hours  and 
longer  after  injury,  the  measured  percentage  of  cells  with  fragmented  DNA  was  significantly 
greater  than  that  measured  in  unsheared  control  cells  (1 .5±0.5%,  p<0.05).  When  SNP  was  added 
to  cells,  our  positive  control  for  apoptotic  death,  the  percentage  of  TUNEL  positive  cells  varied 
with  time  from  thirty  five  percent  five  hours  after  injury,  to  fifteen  percent  24  hours  after  injury. 

These  results  are  significantly  different  than  those  obtained  from  cells  exposed  to  high 
shear  stress  (and  presumably  a  higher  strain  rate  injury).  When  cells  were  subjected  to  shear 
stress  at  100  dynes/cm2  for  10  minutes,  LDH  measured  in  the  culture  medium  of  cells  was 
220+20%  greater  than  the  concentration  of  LDH  measured  in  medium  taken  from  control  cells 
immediately  after  the  injury.  This  represents  release  of  approximately  one  half  of  the  total  LDH 
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contained  in  cells.  During  similar  experiments  (100  dynes/cm2  for  10  minutes,  MTT  and  TUNEL 
assay  performed  immediately  after  injury),  75+6%  of  cells  were  TUNEL  positive  and  MTT 
reduction  by  injured  cells  was  44+6%  of  that  reduced  by  control  cells  and  immediately  after 
injury.  The  difference  in  results  for  LDH,  MTT  and  TUNEL  assays  between  high  shear 
stress/strain  rate  and  low  strain  rate  injury  were  significant  with  p<0.05  or  less  (n=3  to  6). 
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DISCUSSION 


A  number  of  in  vitro  models  have  been  developed  to  examine  the  effects  of  high  shear 
stress  and  strain  rate  on  neurons  (Cargill  and  Thibault,  1996;  LaPlaca  et  al.,  1997;  Ellis  et  al., 

1995;  Rzigalinski  et  al.,  1997;  and  Maxwell  et  al.,  1994).  In  these  models  LDH  release  and  PI 
staining  have  been  observed,  indicative  of  transient  membrane  permeability,  or  if  LDH  release  and 
PI  staining  persist,  necrotic  cell  death  resulting  from  injury.  To  our  knowledge,  however,  there 
has  not  been  a  study  of  the  effects  of  low  strain  rate  injury  to  neurons  or  neuron-like  cells.  Low 
strain  rate  injury  may  also  contribute  to  the  cellular  damage  observed  during  traumatic  brain 
injury  or  during  milder  injuries  to  the  CNS.  Thus,  we  examined  the  feasibility  of  using  an  in  vitro 

model  similar  to  those  developed  previously  to  examine  the  effects  of  low  strain  rate  injury  on 
neuron-like  cells. 

Apoptosis  has  been  observed  during  development  and  in  the  mature  brain  during 
neurodegenerative  disease  and  injury  (Rink  et  al,  1995,  Chang  et  al,  1996,  Edwards  et  al,  1997 
for  example).  In  experimental  head  injury  and  in  postmortem  studies  following  TBI,  regions  of 
apoptosis  in  the  brain  have  been  observed  (Pohl  et  al,  1999,  Xu  et  al,  1998,  Conti  et  al,  1998, 
Shah  et  al,  1997,  Kotapka  et  al.,  1993).  Previous  in  vitro  models  of  high  strain  rate  injury  have 
not  demonstrated  that  cell  death  occurred  via  apoptosis,  suggesting  that  perhaps  the  apoptosis 
observed  in  vivo  originates  from  something  other  than  a  high  strain  rate  injury.  We  were 
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therefore  interested  in  determining  if  a  low  strain  rate  injury  could  lead  to  cell  death  via 
apoptosis. 

Differentiated  SH-SY5Y  cells  were  chosen  as  a  model  cell  because  they  express  G 
proteins,  have  neuron-like  ion  channels  such  as  L-type  Ca^4  channels,  express  a  number  of 
glutamate  receptors  such  as  the  NMDA  receptor,  and,  when  differentiated,  have  long  processes 
similar  to  those  observed  in  neurons  (Prince  and  Oreland,  1997;  Hong,  1997;  Nikonorov  et  al., 
1998;  and  Yoshioka  et  al.,  1996) 

We  used  shear  stress  to  apply  strain  to  cells.  It  has  been  shown  by  others  using  a  similar 
device  that  fluid  shear  stress  leads  to  cell  strain  (LaPlaca  et  al.,  1997).  In  the  device  designed  by 
LaPlaca  and  coworkers  a  rotating  disk  is  used  instead  of  a  cone,  leading  to  variation  in  the  stress 
field  across  the  culture  dish.  However,  the  distance  between  the  disk  and  the  cells  was  very 
small,  which  resulted  in  much  higher  strain  rates  produced,  ranging  from  less  than  1  s‘l  to 
approximately  9  s'1.  We  show  in  Figure  2  that  in  our  device,  cells  reach  their  final  deformation 
within  10  minutes,  resulting  in  a  maximum  strain  rate  of  0.03  min'1,  which  is  considerably  lower 
that  rates  of  strain  applied  by  others. 

Using  our  low  strain  rate  model  of  cell  injury,  between  5  and  25  percent  of  cells  subjected 
to  low  strain  rate  injury  for  times  ranging  from  10  minutes  up  to  3  hours  had  DNA  that  stained 
positively  with  fluorescein- 12-dUTP,  while  less  than  2%  of  unsheared  control  cells  stained  with 
fluorescein- 12-dUTP  (Figures  3  and  5).  An  increase  in  cell  staining  for  annexin  without  the  same 
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level  of  increase  in  staining  with  PI  with  injury  (Figure  4)  was  also  observed.  The  high  degree  of 
end  labeling  of  DNA  from  sheared  cells,  and  indicator  of  DNA  fragmentation,  along  with  the 
increase  annexin  staining ,  an  indicator  of  increased  phosphtidylserine  present  on  the  outer 
membrane  surface  are  both  indicators  of  cell  or  membrane  injury  (Van  Engeland,  1997).  TUNEL 
staining  and  annexin  staining  without  membrane  permeability  (as  indicated  by  the  absence  of  PI 
staining)  are  indicators  of  apoptosis,  while  PI  staining  and  annexin  staining  together  would 
indicate  necrosis  or  late  apoptosis.  The  lack  of  LDH  release  at  anytime  after  shear  induced  injury 
(Figure  6A)  would  suggest  that  no  increase  in  membrane  permeability  occurred,  again,  consistent 
with  apoptotic  cell  death.  If  injury  had  resulted  in  transient  membrane  permeability,  which 
would  have  enabled  annexin  to  bind  to  phosphatidyl  serine  regardless  of  its  location  in  the 
membrane,  both  PI  staining  and  LDH  release  (at  least  transient  release)  would  have  been 
observed.  The  loss  of  ability  to  reduce  MTT,  seen  3  hours  after  injury,  has  been  associated  with 
loss  of  mitochondrial  function  and  is  consistent  with  an  apoptotic  cell  death  mechanism  (Pollack 
et  al.,  1995).  A  similar  pattern  of  injury,  TUNEL  postive  staining  and  annexin  positive  staining 
without  LDH  release  was  observed  when  cells  were  treated  with  SNP.  SNP  as  well  as  other  NO 
donors  have  been  shown  to  lead  to  apoptosis  in  cultured  cells  (Maruyama  et  ah,  1998). 

Approximately  the  same  percentage  of  sheared  cells  show  evidence  of  high  annexin 
staining  (and  high  phosphatidylserine  content  in  their  outer  membrane)  as  eventually  have 
significant  DNA  fragmentation  and  lose  their  ability  to  reduce  MTT  (19%  compared  to  18±5% 
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and  29±5%,  respectively).  Slightly  more  cells  (but  not  significantly  more,  p=0.2)  lose  their 
ability  to  reduce  MTT  than  are  detected  by  the  other  two  methods,  possibly  because  the  cells 
processed  for  flow  cytometry  are  harvested,  stained,  washed,  and  then  sampled  and  counted, 
while  during  the  MTT  assay,  cells  are  unharvested  and  undisturbed.  We  interpret  these  results 
to  indicate  that  the  three  assays  used  (annexin,  TUNEL,  and  MTT),  all  detect  the  same 
population  of  injured  cells. 

At  three  hours  after  shear  injury,  significant  loss  in  ability  to  reduce  MTT  by  cells  and 
the  maximum  percentage  of  cells  with  fragmented  DNA  were  observed  (Figure  6B).  The  ability 
of  cells  to  reduce  MTT  did  not  change  significantly  after  3  hours,  indicating  that  the  damage 
sustained  by  cells  was  permanent.  The  percentage  of  sheared  cells  with  fragmented  DNA 
decreased  significantly  from  about  1 8%  at  3  hours  to  about  5%  at  24  hours  (p<0.05).  The 
decrease  in  measurement  of  cells  with  fragmented  DNA  could  indicate  that  DNA  was  repaired  in 
most  cells  after  the  original  injury,  or  that,  due  to  the  method  of  harvesting  and  counting  cells, 
cells  in  later  stages  of  apoptosis  could  not  effectively  be  counted.  The  former  interpretation  of 
results  is  consistent  our  interpretation  of  the  MTT  data.  The  time  lag  between  shear  injury  and 
loss  of  cellular  redox  potential  and  DNA  fragmentation  could  be  due  to  the  time  necessary  to 
upregulate  proteins  necessary  in  the  apoptotic  death  pathway.  When  SNP  was  used  to  induce 
apoptosis,  the  number  of  TUNEL  positive  cells  detected  decreased  from  35%  detected  5  hours 
after  SNP  addition  to  15%  24  hours  after  SNP  addition,  which  supports  our  interpretation  that 
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DNA  is  not  being  repaired  after  injury,  but  that  cells  are  not  being  counted  effectively  because  of 
the  processing  method.  The  time  required  for  apoptosis  to  begin  has  been  reported  to  be  between 
5  minutes  and  4  days,  depending  on  the  model  (Russel  et  al.,  1972,  Matter  et  al.,  1979,  and 
Oberhammer  et  al.,  1991).  Thus,  the  3  hour  delay  we  observed  is  not  out  of  the  ordinary. 

As  seen  in  Figure  5,  application  of  low  shear  stress  (10  dynes/cm2)  for  longer  than  10 
minutes,  the  time  required  to  reach  a  maximum  cell  deformation,  does  not  further  deform  the  cell 
or  further  increase  the  extent  of  injury.  That  duration  of  time  cells  were  deformed  is  unimportant 
in  determining  the  extent  of  injury  would  suggest  another  variable,  most  likely  strain  rate,  is  the 
key  variable  in  determining  the  extent,  and  possibly  the  characteristics  of  cell  injury.  In  our 
model,  high  shear  stress  (and  presumably  high  strain  rate)  led  to  injury  characterized  by  a  high 
degree  of  TUNEL  staining,  loss  of  ability  to  reduce  MTT,  and  an  increase  in  membrane 
permeability  as  indicated  by  LDH  release,  which  is  significantly  different  than  the  nature  of 
injury  observed  at  low  strain  rate.  While  our  results  do  not  conclusively  demonstrate  the  role  of 
strain  rate  m  determining  extent  or  nature  of  injury,  other  researchers  have  also  found  strain  rate 
to  be  important  m  determining  the  characteristics  of  cellular  injury  (LaPlaca  and  Thibault,  1997, 
LaPlaca  et  al.,  1997,  Cargill  and  Thibault,  1996).  Both  LaPlaca  and  coworkers  (1997)  and  Cargill 
and  Thibault  (1996)  found  significant  differences  in  changes  in  intracellular  calcium  concentration 
(LaPlaca  et  al.,  1997  and  Cargill  and  Thibault,  1996)  and  in  LDH  release  (LaPlaca  et  al.,  1997) 
during  low  and  high  strain  rate  injury.  In  addition,  Cargill  and  Thibault  (1996)  found  that  even 
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during  low  strain  rate  injury,  intracellular  calcium  concentration  increased  significantly,  but  in  a 
strain  independent  fashion.  Therefore  there  is  prior  evidence  to  support  the  role  of  strain  rate  in 
determining  the  extent  of  injury,  and  evidence  that  neuron-like  cells  respond  (via  increase  in 
intracellular  calcium)  to  low  strain  rate  injuries. 

In  conclusion,  we  show  that  differentiated  SH-SY5Y  cells,  a  human  neuroblastoma  cell 
line,  respond  to  low  strain  rate  via  a  mechanism  of  injury  consistent  with  apoptosis.  Our  work, 
together  with  the  work  of  others,  will  contribute  the  understanding  of  the  role  of  strain  rate  in 
injury  to  neurons  and  neuron-like  cells  and  may  lead  to  development  of  new  treatments  for 
injuries  to  the  CNS  resulting  from  elevated  shear  stress  and  strain. 
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Figure  Legends 


Figure  1.  Schematic  diagram  of  neuroblastoma  cell  in  unstrained  and  strained  configuration.  The 
stretch  ratio  in  direction  i,  (for  i  =  1,2)  is  define  as  ratio  of  the  strained  length,  Lj  to  the  original 
unstrained  length  (Lj)0. 

Figure  2.  Time  dependence  of  strain  for  differentiated  SH-SY5Y  clusters  of  4  or  more  cells. 
Cells  were  exposed  to  constant  shear  for  10  min.  Shear  stress  levels  were  5  dynes/cm2  (filled 
circles),  15  dynes/cm2  (open  circles),  and  45  dynes/cm2  (filled  squares).  Data  represent  mean  ± 
standard  error  of  the  mean  for  n  =  4  cells  for  each  shear  level. 

Figure  3.  Representative  flow  cytograms  of  TUNEL  stained  cells.  The  cells  were  unsheared 
(a),  treated  with  lOmM  sodium  nitroprusside  (SNP)  and  assayed  for  DNA  fragmentation  four 
hours  after  treatment  (b),  or  sheared  for  ten  minutes  at  10  dynes/cm2  and  assayed  for  DNA 
fragmentation  three  hour  after  injury  (c).  The  y-axis  (FL1 -Height)  indicates  the  intensity  of 
fluorescein- 12-dUTP  staining  and  represents  the  amount  of  fragmented  DNA.  The  x-axis  (FL2- 
Area)  indicates  the  intensity  of  PI  staining  and  represents  the  length  of  DNA  in  the  cell.  Very 
few  unsheared  cells  are  observed  to  be  undergoing  apoptosis  (low  FL-1  Height),  however,  upon 
application  of  shear,  there  is  an  increase  in  fraction  of  cells  with  short  (low  FL2-Area)  fragmented 
(high  FL1  -Height)  DNA.  Treatment  with  SNP  resulted  in  a  large  number  of  cells  with 
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fragmented  DNA  (high  FL1 -Height)  with  a  distribution  of  DNA  lengths.  30,000  cells  were 
counted  per  sample. 
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Figure  4.  Representative  flow  cytograms  of  Annexin  stained  cells.  The  cells  were  unsheared  (a), 
treated  with  lOmM  sodium  nitroprusside  (SNP)  and  assayed  for  annexin  binding  four  hours  after 
treatment  (b),  or  sheared  for  10  minutes  at  10  dynes/cm2  and  assayed  for  annexin  binding 
immediately  after  injury  (c).  The  y-axis  (FL2-Height)  indicates  the  intensity  of  PI  staining  and 
represents  the  relative  permeability  of  the  membrane.  The  x-axis  (FL1 -Height)  indicates  the 
intensity  of  fluorescein  labeled  annexin  staining  and  represents  the  amount  of  phosphatidyl  serine 
(PS)  on  the  outer  membrane  surface.  In  unsheared  cells,  the  majority  of  the  signal  appears  in  the 
lower  and  upper  left  quadrants,  indicating  two  populations  of  cells,  one  with  some  membrane 
permeability  and  one  without  membrane  permeability,  but  both  with  low  PS.  Upon  application 
of  shear,  there  is  a  significant  increase  in  signal  in  the  lower  right  quadrant  indicating  an  increase  in 
PS  on  the  outer  membrane  without  membrane  permeability  (characteristic  of  early  apoptosis). 
There  is  staining  in  the  upper  right  quadrant  as  well,  indicating  a  population  of  cells  with  both  PS 
staining  and  membrane  permeability.  In  the  SNP  treated  cells,  there  is  an  increase  in  staining  in 
the  upper  and  lower  right  quadrants  indicating  an  increase  in  PS  in  both  permeable  and 
impermeable  cells.  30,000  cells  were  counted  per  sample. 

Figure  5.  Cell  strain  and  DNA  fragmentation  as  a  function  of  duration  of  shear  stress 
application.  Cells  were  subjected  to  shear  stress  of  magnitude  between  7.5  and  15  dynes/cm2  for 
times  from  10  minutes  to  3  hours.  Cell  strain  (filled  circles)  was  measured  continuously  on  the 
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same  group  of  cells  during  shear  stress  period  (n=3).  DNA  fragmentation  (filled  squares)  was 
determined  independently  for  each  time  point  where  data  are  presented  (n=3  to  6).  The  maximum 
DNA  fragmentation  measured  at  any  time  after  injury  as  determined  by  the  TUNEL  assay  is 
reported.  The  error  bars  represent  the  standard  error  of  the  mean. 

Figure  6.  Effect  of  shear  on  cell  viability  as  a  function  of  time  after  injury.  Cells  were  sheared 
for  either  two  or  three  hours  at  7.5  to  10  dynes/cm2  and  37°C.  No  significant  difference  in  results 
was  observed  at  these  shear  levels  or  durations.  After  injury,  cells  were  returned  to  a  humidified 
C02  incubator  until  viability  measurement  at  times  indicated,  (a)  The  percentage  of  LDH 
released  from  the  sheared  cells  relative  to  the  control  cells  is  reported.  (n=l  1  at  time=0,  n=3-5 
for  others),  (b)  Percent  MTT  reduction  by  sheared  cells  relative  to  unsheared  controls  (open 
squares),  percent  cells  with  fragmented  DNA,  sheared  (closed  circles),  and  unsheared  (open 
circles).  (n=5-9).  The  error  bars  represent  the  standard  error  of  the  mean.  *  indicates  result  is 
significantly  different  than  unsheared  control  (p<0.05). 
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Abstract 

We  investigated  the  role  of  caspases  in  shear  stress-induced  injury  using  the  differentiated  human 
neuroblastoma  cell  line,  SH-SY5Y.  It  is  generally  believed  that  exposure  of  neurons  to  shear 
stress  and  strain,  such  as  occurs  during  traumatic  injury,  leads  to  neurodegeneration.  We  have 
previously  established  that  shear  stress  leads  to  DNA  fragmentation  in  differentiated  SH-SY5Y 
cells.  In  the  present  study,  differentiated  SH-SY5Y  cells  are  exposed  to  fluid  shear  stress  using  a 
cone  and  plate  viscometer.  After  shear  stress-induced  injury,  caspase  activity  and  the  extent  of 
DNA  fragmentation  are  assessed.  Our  results  indicate  that  a  significant  increase  in  caspase  1  and 
caspase  3  enzymatic  activity  is  observed  within  24  hours  after  injury.  Inhibition  of  caspase 
activation  attenuates  shear  stress-induced  DNA  fragmentation.  These  results  suggest  that 
caspase  activation  is  important  in  the  mechanism  of  shear  stress-induced  injury. 

Key  Words:  shear  stress,  strain,  apoptosis,  caspase  1,  caspase  3,  neuroblastoma,  head  injury 


Exposure  of  the  central  nervous  system  to  mechanical  forces  is  deleterious.  Shear  stress 
and  strain  are  believed  to  contribute  to  neuronal  loss  observed  following  head  injury.  We  have 
demonstrated,  in  vitro,  that  neuron-like  cells  respond  to  pulsatile  shear  stress  by  nitric  oxide 
production  and  DNA  fragmentation,  and  that  DNA  fragmentation  is  attenuted  by  inhibition  of 
nitric  oxide  synthase,  calcium  release  from  ryanodine  sensitive  stores  and  calcium  entry  through 
NMDA  receptor  gated  channels  [18-20].  In  vivo,  it  has  been  determined  that  cells  in  select 
regions  of  the  brain  undergo  apoptotic  cell  death  associated  with  experimental  head  injury  [3], 
Apoptosis  during  head  injury  appears  to  be  associated  with  caspase  activation  [2]. 

We  report  here  that  increased  enzymatic  activity  of  caspase  1  and  caspase  3  were 
observed  upon  shear  stress  application  to  differentiated  SH-SY5Y  cells,  a  human  neuroblastoma 
cell  line.  Inhibition  of  caspase  activation  significantly  reduced  the  extent  of  shear  stress-induced 
cell  injury  as  seen  by  the  reduction  in  the  percentage  cells  with  fragmented  DNA  when  caspase 
inhibitors  were  administered  relative  to  that  observed  when  no  inhibitors  were  present.  To  the 
best  of  our  knowledge,  this  work  establishes,  for  the  first  time,  the  role  of  caspase  activation  in 
shear  stress-induced  neuron-like  cell  injury. 

In  all  experiments,  human  SH-SY5Y  neuroblastoma  cell  lines  were  used.  This  cell  line 
was  cultured  using  standard  techniques  in  a  humidified  5%  C02/air  incubator  at  37°C.  Prior  to 
shear  stress  experiments,  the  cells  were  differentiated  for  5-7  days  in  culture  medium  containing 
10  ng/ml  of  human-P-NGF  (Nerve  Growth  Factor,  Sigma,  St.  Louis,  MO).  Fluid  shear  stress 
was  used  to  induce  strain  in  the  SH-SY5Y  cells  using  a  modified  cone  and  plate  viscometer  as 
previously  described  in  detail  [18].  For  shear  stress  applications  of  30  to  90  minutes,  stress  was 
applied  in  six  cycles.  For  the  90  minute-long  experiment,  cells  were  sheared  for  13  minutes  and 
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allowed  to  rested  for  two  minutes.  For  60  and  30  minute-long  experiments,  cells  were  sheared  for 
nine  and  five  minutes,  respectively,  followed  by  a  one  minute  rest  period.  For  five  minute  shear 
stress  application,  continuous  fluid  shear  stress  was  applied  to  cells.  After  the  application  of 
fluid  shear  stress,  the  enzymatic  activities  of  caspase  1  and  caspase  3  were  determined  by  first 
-lysing  the  cells  to  extract  their  cellular  contents.  Caspase  1  and  3  specific  peptides,  WEHD  and 
DEVD,  respectively,  that  were  conjugated  to  the  color  reporter  molecule  p-nitroanilline  (pNA, 
R&D  Systems,  Minneapolis,  MN),  were  added  to  cell  lysates.  In  the  presence  of  caspases  in  the 
cell  lysate,  the  peptide  would  be  cleaved,  releasing  pNA,  which  was  measured  using  an  Emax 
microplate  reader  (Molecular  Probes,  Sunnyvale,  CA).  The  extent  of  DNA  fragmentation  in  cells 
following  shear  stress  application  was  assessed  using  a  TUNEL  assay  (Promega,  Fitchburg,  WI) 

[1 8].  In  brief,  3  OH  termini  were  labeled  with  fluorescein  terminal  deoxynucleotide  transferase 
(TdT)  and  whole  DNA  3’ends  were  labeled  with  propidium  iodide  (PI)  according  to  the 
procedure  outlined  for  cell  suspension  with  flow  cytometry  given  by  the  manufacturer.  Results 
were  analyzed  on  a  FACS  Caliber  flow  cytometer  (Becton  Dickinson,  San  Jose,  CA).  The 
fraction  of  cells  with  fragmented  DNA  was  determined  by  counting  cells  labeled  with  fluorescein- 
TdT  whose  fluorescence  intensity  was  above  a  threshold  determined  from  control  cells.  In  order 
to  assess  the  role  of  caspase  1  and  3  in  shear  stress-induced  DNA  fragmentation,  lOOpM  of  Z- 
VAD-FMK,  a  general  caspase  inhibitor,  Z-WEHD-FMK  a  caspase  1  specific  inhibitor,  or  Z- 
DEVD-FMK,  a  caspase  3  specific  inhibitor  (R&D  Systems,  Minneapolis,  MN)  were  added  to 
cells  1.5  hours  prior  to  shear  stress  application.  Immediately  after  shear  stress  application,  the 
extent  of  DNA  fragmentation  was  determined. 


5 


As  seen  in  Figures  1  and  2,  the  activity  of  both  caspase  1  and  3  was  increased  by  about 
30%  after  30  minutes  or  more  of  shear  stress  application.  Caspase  1  activity  increased  after  as 
little  as  5  minutes  of  shear  stress  application  (Figure  1).  The  increase  in  activity  was  marginally 
significant  relative  to  activity  seen  in  the  unsheared  control  cells  (p=0.06).  Caspase  1  activity 
remained  elevated  for  at  least  24  hours  after  90  minutes  shear  stress  application.  No  significant 
change  in  activity  was  observed  from  0  hours  to  24  hours  (p>0.1). 

As  shown  in  Figure  2,  the  level  of  caspase  3  activity  was  significantly  elevated  after  5,30 
and  90  minutes  of  shear  application  relative  to  unsheared  control  (p<0.06).  The  level  of  caspase 
3  activity  did  not  increase  significantly  with  time  of  shear  stress  application  (p>0.15),  nor  did  it 
return  to  control  levels  24  hours  after  shear  stress  application. 

To  determine  if  caspases  play  a  role  in  the  mechanism  of  shear  stress  induced  DNA 
fragmentation,  cells  were  sheared  in  the  presence  of  general  and  specific  caspase  inhibitors,  after 
which  DNA  fragmentation  was  measured  using  the  TUNEL  assay.  The  general,  caspase  1  and 
caspase  3  inhibitors  led  to  the  reduction  in  the  percentage  of  cells  with  fragmented  DNA  after 
shear  application  from  45±4%  for  untreated  sheared  cells  to  12±6%,  5±2%  and  6±2.5  % 
respectively,  for  the  treated  cells  (Figure  3).  All  caspase  inhibitors  led  to  a  significant  reduction 
in  the  fraction  of  cells  with  fragmented  DNA  relative  to  unsheared  controls  (p<0.005).  These 
results  indicate  that  activation  of  caspase  1  and  3  is  involved  in  shear  stress-induced  DNA 
fragmentation  of  differentiated  SH-SY5Y  cells. 

A  number  of  investigators  have  used  shear  stress  injury  to  neuron-like  cells  as  an  in  vitro 
model  of  head  injury  [7].  Caspase  activation  has  been  observed  in  a  number  of  in  vivo  models  of 
head  injury  [2,  9,12].  The  development  of  in  vitro  models  of  injury  which  capture  the  salient 
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features  of  the  injury  in  vivo  will  be  important  in  both  the  elucidation  of  the  mechanism  and  the 
development  and  screening  of  new  drugs  to  treat  injury  or  disease  in  which  neurons  and  neuron¬ 
like  cells  are  exposed  to  shear  stress  and  strain. 

We  have  previously  established  that  shear  stress  leads  to  nitric  oxide  production  and 
DNA  fragmentation  in  a  differentiated  human  neuroblastoma  cell  line  [18].  We  also  showed  that 
shear  stress  induced  cell  injury  led  to  the  accumulation  of  phosphatidyl  serine  of  the  outer 
membrane  surface,  characteristic  of  apoptosis  [19].  Our  finding  that  caspases  are  involved  in 
shear  induced  injury  is  important  in  that  it  confirms  that  shear  stress  leads  to  apoptotic  death  in 
SH-SY5Y  cells.  Caspases  are  only  activated  in  cells  undergoing  apoptosis  and  not  necrosis  [15]. 
Apoptosis  is  preventable,  while  necrosis  is  not.  Our  findings  therefore  suggest  that  shear  stress 
induced  cell  death  is  preventable. 

Caspase  1  and  3  activation  have  been  shown  to  be  associated  with  apoptosis  in  SH-SY5Y 
cells  [6,  13, 16].  Caspase  1  is  associated  with  inflammation  which  is  responsible  for  the 
conversion  of  interleukin  lp  (IL-1P)  into  its  active  form.  IL-ip  has  been  implicated  in  head 
injury  [9],  Inhibition  of  IL-1  P  reduces  brain  damage  associated  with  injury  [14, 17] 

Of  the  various  members  of  the  caspase  family,  caspase  3  is  considered  to  be  the  ‘essential 
caspase’.  Caspase  3  activates  the  protein  responsible  for  DNA  laddering.  The  involvement  of 
caspase  3  m  apoptosis  induced  by  microtubule  instability,  serum  deprivation,  and  glutamate 
toxicity  has  been  reported  [1,  5,  6],  In  addtion,  caspase  3  activation  has  been  associated  with 
nitric  oxide  induced  or  peroxynitrite  induced  DNA  fragmentation  in  SH-SY5Y  cells  and  rat 
hippocampal  neurons  [8,  11],  which  is  consistent  with  our  findings  that  shear  stress  leads  to 
apoptotic  cell  death  via  a  pathway  involving  nitric  oxide  production  and  caspase  activation. 
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In  recent  postmortem  studies,  cleavage  of  caspase  1  and  upregulation  and  cleavage  of 
caspase  3  was  observed  in  the  brain  tissue  samples  indicating  that  apoptosis  occurs  in  humans 
after  head  injury  [2].  Inhibition  of  caspase  1  attenuated  cold-injury  induced  brain  trauma  and 
DNA  fragmentation  in  vivo  [10].  These  studies  support  our  findings  that  caspase  1  and  3 
activity  increase  by  30  to  40%  during  shear  stress  induced  cell  injury  (Figures  1  and  2)  and  that 
their  activation  affects  DNA  fragmentation  (Figure  3).  In  addition,  caspase  activation  reaches  a 
maximum  within  30  minutes  of  shear  stress  and  remains  elevated  for  at  least  24  hours  after  shear 
stress  is  terminated.  This  suggests  that  once  caspases  are  activated,  they  remain  active  and 
mediate  cell  disassembly  long  after  the  initiating  insult  has  ceased.  We  have  also  seen  that 
inhibition  of  protein  synthesis  with  cylcloheximide  blocks  any  significant  increase  in  shear  stress- 
induced  caspase  3  activation  (data  not  shown),  which  is  consistent  with  observations  of  caspase 
3  upregulation  during  head  injury  reported  by  others  [2]. 

Our  results  indicate,  for  the  first  time,  that  shear  stress  induced  cell  injury  to  neuron-like 
cells  involves  the  activation  of  caspase  1  and  caspase  3.  We  further  confirm  that  injury  following 
shear  stress  is  via  an  apoptotic  mechanism.  These  results  have  implications  for  treatment  of 
disorders  or  injuries  of  the  nervous  system  where  neurons  are  exposed  to  abnormal  shear  stress 
and  strain. 

This  work  was  supported  by  a  grant  from  the  U.S.  Department  of  the  Army  and  National 
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Figure  captions 


Fig  1.  The  increase  in  enzymatic  activity  of  caspase  1  in  sheared  cells  as  a  function  of  shear 
duration.  Results  are  reported  as  a  percentage  of  activity  measured  relative  to  unsheared  control 
cells.  Cells  were  sheared  from  5  minutes  to  90  minutes  at  10  dynes-cm*2.  Enzymatic  activity  of 
caspase  1  was  assayed  immediately  after  shear  application  for  all  shear  duration  and  also  24 
hours  after  shear  application  for  the  90  minute  shear  duration.  For  all  data,  n  =3-5.  *  indicates 
result  is  significant  relative  to  unsheared  control  cells  (p<0.05). 


Fig  2.  The  increase  in  enzymatic  activity  of  caspase  3  in  sheared  cells  as  a  function  of  shear 
duration.  Results  are  reported  as  a  percentage  of  activity  measured  relative  to  unsheared  control 
cells.  Cells  were  sheared  from  5  minutes  to  90  minutes  at  10  dynes-cm*2.  Enzymatic  activity  of 
caspase  3  was  assayed  immediately  after  shear  application  for  all  shear  duration  and  also  24 
hours  after  shear  application  for  the  90  minute  shear  duration.  For  all  data,  n  =3-5.  *  indicates 
result  is  significant  relative  to  unsheared  control  cells  (p<0.05). 

Fig  3.  Percentage  of  TUNEL  positive  cells  (with  fragmented  DNA)  in  the  presence  of  caspase 
inhibitors.  Cells  are  exposed  to  no  shear  (hatched  bars)  or  pulsatile  shear  (solid  bar)  for  90 
minutes  at  10  dynes-cm*2  in  the  presence  of  no  inhibitor  (None),  Z-VAD-FMK  (Gen.  Casp)  Z- 

WEHD-FMK  (Casp  1),  or  Z-DEVD-FMK  (Casp  3).  For  all  data,  n=3-4.  ***  indicates  result  is 
significant  relative  to  untreated  control  cells  (p<0.001). 
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ABSTRACT 

Shear  stress  and  strain  lead  to  neurodegeneration  in  vivo  during  head  injury  and  possibly 
during  glaucoma.  In  vitro,  shear  stress  and  strain  have  been  shown  to  lead  to  cell  injury  in  a 
number  of  models  using  neurons  and  neuron-like  cells.  In  the  present  study  we  examined  the 
relationship  between  shear  stress,  strain  and  the  extent  of  cell  injury  in  a  shear  stress  induced 
model  of  cell  injury  using  differentiated  SH-SY5Y  (human  neuroblastoma)  cells.  Shear  stress 
led  to  cell  strain  that  increased  with  increasing  stress,  and  diminished  upon  cessation  of  shear. 
Strain  rate  during  cyclic  application  of  shear  stress  increased  by  over  an  order  of  magnitude  from 
the  first  to  all  subsequent  cycles.  From  an  analysis  of  the  viscoelastic  properties  of  the  cells  we 
concluded  that  the  cell  and/or  its  polymer  network  became  more  elastic  upon  cyclic  shear  stress 
application.  To  support  this  conclusion  we  measured  the  degree  of  cytoskeletal  polymerization 
before  and  after  exposure  of  cells  to  cyclic  shear  stress  and  found  that  the  fraction  of 
polymerized  tubulin  in  the  cell  relative  to  total  tubulin  decreased  from  0.33  before  application  of 
shear  stress  to  0. 1 7  after  six  cycles  of  shear  stress.  The  extent  of  injury,  as  indicated  by  the 
fraction  of  cells  with  fragmented  DNA,  was  three  times  higher  for  cyclic  shear  stress  than  for 
steady  shear  stress  and  may  be  related  to  strain  rate.  We  believe  the  change  in  rheological 
properties  of  the  cell  may  be  important  in  determining  susceptibility  of  injury.  These  findings 
may  aid  in  elucidating  the  mechanism  by  which  neurons  and  neuron-like  cells  respond  to  shear 
stress  and  strain,  and  lead  to  new  treatments  for  disease  or  injury  arising  from  the  exposure  of 
neurons  to  abnormal  stress  and  strain. 
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INTRODUCTION 

Cells  of  the  central  nervous  system  experience  elevated  shear  stress  and  strain  during  a 
variety  of  pathological  states  including  head  injury,  hydrocephalus,  and  glaucoma.  Head  injury  is 
known  to  be  associated  with  the  generation  of  stress  and  strain  within  the  cerebral  cortex  (1-3). 
Shear  stresses  predicted  during  head  injury  are  on  the  order  of  4  x  105  dynes  cm*2.  Tissue  strain 
is  predicted  to  reach  a  maximum  of  0. 1  to  0.2  within  approximately  10  ms  of  impact  (1). 
Hydrocelphalus  and  glaucoma  are  associated  with  elevated  intracranial  and  intraocular  pressure, 
respectively,  and  that  elevated  pressure  is  speculated  to  lead  to  tissue  deformation  and  associated 
elevated  shear  stress  and  strain  (4-6).  Strain  rate  associated  with  glaucoma  is  expected  to  be 
much  lower  than  that  associated  with  head  injury. 

There  is  some  evidence  that  cyclical  or  repetitive  compression  or  stress  and  strain  acting 
on  cells  of  both  the  central  and  peripheral  nervous  system  is  particularly  damaging  (g§).  During 
glaucoma,  intraocular  pressure  varies  throughout  the  day  and  these  diurnal  variations  give  rise  to 
cyclic  variations  in  stress  and  strain  in  the  cells  in  the  optic  disk  ®.  Individuals  with  large 
diurnal  variations  in  IOP  are  more  likely  to  experience  greater  vision  loss  than  individuals  with 
constant  elevated  IOP  (ref).  In  addition,  there  are  a  variety  of  repetitive  motion  disorders 
including  carpel  tunnel  syndrome  and  cubital  tunnel  syndrome  where  the  frequency  of  the 
strain/compression  of  the  nerve  is  known  to  be  correlated  with  the  extent  of  injury  ® . 

A  number  of  in  vitro  models  have  been  developed  to  investigate  the  effects  of  high  shear 
stress  and  strain  rate  on  neurons  and  neuron-like  cells  (7-10).  In  these  models,  the  duration  of 
shear  or  strain  applied  was  on  the  order  of  50  ms  to  200  ms.  Acute  injury  results  in  lactate 
dehydrogenase  (LDH)  release  (8),  uptake  of  propidium  iodine  (PI)  (9),  and  an  increase  in 
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intracellular  Ca2+  (7-9).  Only  when  the  onset  of  injury  was  very  rapid,  did  significant  and 
sustained  injury  occur  as  determined  by  LDH  release  after  24  hours. 

In  results  reported  here,  we  use  an  in  vitro  model  that  utilizes  fluid  shear  stress  to  produce 
cell  strain  in  differentiated  SH-SY5Y  neuroblastoma  cells.  We  measured  cell  strain,  strain  rate, 
the  degree  of  tubulin  polymerization,  and  cell  viability  as  a  function  of  shear  stress  in  order  to 
assess  the  relationship  of  the  viscoelastic  properties  of  the  cell  on  the  extent  of  cell  injury.  Cell 
strain  increased  at  high  shear  stress,  and  returned  to  near  normal  dimension  after  the  cessation  of 
shear.  During  cyclical  shear  stress,  which  might  mimic  cell  exposure  conditions  associated  with 
diurnal  variations  in  IOP  or  repetitive  strain  injury,  the  strain  rate  increased  significantly  from 
the  first  cycle  to  all  subsequent  cycles,  with  the  relaxation  constant  for  the  cell  increasing  by  over 
an  order  of  magnitude.  The  fraction  of  polymerized  tubulin  within  the  cell  decreased  by  a  factor 
of  two  after  application  of  cyclic  shear  stress.  Cyclical  shear  stress  produced  far  greater  injury  in 
cells  than  steady  shear  stress.  We  believe  the  change  in  viscoelastic  properties  of  the  cell  may  be 
related  to  the  change  in  extent  of  injury  in  response  to  shear  stress.  These  results  will  contribute 
to  the  understanding  of  the  mechanism  of  shear  stress  and  strain  induced  neurodegeneration. 
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MATERIALS  AND  METHODS 

MATERIALS 

Minimal  Essential  Media  (MEM)  with  Earle’s  salts,  non-essential  amino  acids,  fetal 
bovine  serum  (FBS),  L-glutamine,  penicillin  G-streptomycin,  and  Fungizone  were  obtained  from 
GibcoBRL  (Grand  Island,  NY).  Merocyanine  540  (MC540)  was  from  Molecular  Probes 
(Eugene,  OR).  Glycerol,  sodium  dodecylsulfate  (SDS),  and  bovine  serum  albumin  (BSA),  were 
obtained  from  Fisher  Scientific  (Houston,  TX).  Mini  EDTA-free  protease  inhibitor  cocktail 
tablet  was  obtained  from  Boehringer  Mannheim  (GmbH,  Germany).  Pre-cast  SDS 
polyacrylamide  electrophoresis  gels  were  from  Owl  Separation  System  (Portsmouth,  NH). 
Nitrocellulose  membranes  were  from  Pierce  (Milwaukee,  WI).  Biotinylated  anti-rabbit  Ig  G 
secondary  antibody  and  VECTASTAIN  ABC  reagent  were  obtained  from  Vector  Laboratories 
(Burlingame,  CA).  A  TUNEL  assay  kit  was  obtained  from  Promega  (Madison,  WI).  All  other 
chemicals  were  obtained  from  Sigma  (St.  Louis,  MO). 

METHODS 
Cell  Culture 

Human  neuroblastoma  SH-SY5Y  cells  (a  kind  gift  of  Dr.  Evelyn  Tiffany-Castiglioni) 
were  cultured  in  a  humidified  5%  (v/v)  C02/air  environment  at  37°C  in  MEM  supplemented  with 
10%  (v/v)  FBS,  3  mM  L-glutamine,  100  U/ml  penicilin,  100  pg/ml  streptomycin  and  2.5  fig/ml 
amphotericin  B  (Fungizone),  henceforth  referred  to  as  complete  MEM  (cMEM).  Cells  (passage 
89-92)  were  replated  at  density  of  5,000  cells/ml  or  500,000  cells/ml  in  35mm  tissue  culture 
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dishes  and  differentiated  with  10  ng/ml  recombinant  human  nerve  growth  factor-P  (NGF-P)  for 
6-15  days  prior  to  conducting  strain  measurements  or  viability  experiments,  respectively. 

Shear  Stress  Apparatus 

Shear  stress  was  applied  to  differentiated  SH-SY5Y  cells  using  a  modification  of  a 
standard  cone  and  plate  viscometer  mounted  on  a  Zeiss  Axiovert  135  florescent  microscope. 

The  apparatus  consists  of  a  stainless  steel  cone  with  a  5°  angle  relative  to  a  stationary 
polystyrene  tissue  culture  dish,  a  Glas-Col  variable  speed  precision  stirrer  (Terre  Haute,  IN)  to 
precisely  control  the  cone  angular  velocity,  and  a  7  day  6  on/6  off  controller  (Radio  Shack, 
College  Station,  TX)  to  automatically  control  shear  cycles  The  shear 

stress  profile  used  in  cyclic  shear  experiments  consisted  of  6  cycles  of  alternating  shear  (13  min) 
and  static  (2  min)  conditions  (90  min  total).  A  monolayer  of  cells  adherent  to  the  culture  dish 
was  exposed  to  laminar  flow  by  rotating  the  cone,  whose  tip  contacted  the  plate,  over  the  surface 
of  the  plate.  Only  those  cells  within  a  1.5  mm  radius  of  the  center  of  the  35  mm  plate  (less  than 
1%  of  the  cells)  were  displaced  by  the  placement  of  the  cone. 

Strain  Measurement 

Stock  solutions  (1  mg/ml)  of  MC  540  were  prepared  by  dissolving  in  absolute  ethanol 
and  diluting  1 : 1  with  water.  MC  540  stock  was  stored  in  the  dark  at  4°C  until  needed.  Human 
NGF-|3  differentiated  SH-SY5Y  cells  attached  to  the  dish  surface  were  washed  3  times  with  2  ml 
of  a  5  mM  Tris-HCL  buffered  isotonic  saline  solution  to  remove  cMEM.  The  cells  were  exposed 
to  18  pM  MC  540  diluted  in  the  wash  buffer  for  10  min  at  ambient  temperature  prior  to  being 
washed  3  times  with  2  ml  of  Ringer’s  buffer.  SH-SY5Y  cells  were  sheared  in  the  presence  of 
Ringer’s  buffer. 
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Fluorescently  stained  cells  were  observed  with  a  Zeiss  Axiovert  135  fluorescent 
microscope  (Thomwood,  NJ)  equipped  with  an  HBO  50W  short  arc  mercury  lamp.  Excitation 
and  emission  wavelengths  were  540  nm  and  605  nm,  repectively.  Images  were  captured  with  the 
Zeiss  continuous  image  capture  128  system.  Zeiss  Scientific  Image  Analysis  Software  was  used 
to  analyze  the  captured  images. 

Cell  deformation  (strain)  was  estimated  from  the  shear  induced  shape  changes  in  the  cell. 
A  whole  cell  stretch  ratio,  Xj  was  defined  as  the  ratio  of  the  shear  induced  characteristic  length, 
Li,  to  the  unstressed  length,  (Lj)o,  both  measured  in  the  ith  direction  (Eq.  1)  (16). 


(1) 


Cell  lengths  for  SY5  Y  cells  were  determined  by  measuring  the  lengths  of  a  rectangle  enclosing 
the  cells  (Figure  1).  The  cell  boundaries  were  determined  using  the  auto  tracing  feature  of  the 
Zeiss  Image  3.0  imaging  software  package.  The  principle  axis  was  chosen  to  be  the  axis  of 
maximum  elongation.  The  maximum  strain  in  the  ith  direction,  E  i,  was  calculated  from  the 
relation 

£,=!(V-l)  '  (2) 


Estimation  of  Strain  Time  Constant 

A  nonlinear  least  squares  regression  was  used  to  estimate  a  strain  or  deformation  time 
constant  from  strain  data  as  a  function  of  time  using  an  equation  of  the  form  seen  in  Equation  3. 


E  =  E„ 


A 


l-e 


(3) 
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where  E  is  the  cell  strain,  Emax  is  the  maximum  strain  observed,  t  is  time,  and  t  is  the  strain  time 
constant.  The  first  derivative  of  Equation  3  with  respect  to  time  yields  the  strain  rate  of  the  cells. 
Cytoskeleton  Polymerization 

Microtubule  (polymerized)  and  total  tubulin  extracts  from  cultured  SH-SY5Y  cells  were 
obtained  by  an  adaptation  of  a  published  procedures  (Caron  et  al.,  1985;  Dennerll  et  al.,  1988; 
Putnam  et  al.,  1998).  To  isolate  the  polymeric  cytoskeletal  fraction,  cells  were  washed  gently  in  a 
microtubule  stabilization  buffer  (MTSB)  which  contains  0.1  M  Pipes,  pH  6.75, 1  raM  EGTA,  1 
mM  MgS04, 2  M  glycerol,  and  a  complete,  Mini  EDTA-free  protease  inhibitor  cocktail  tablet, 
and  incubated  at  37°C  for  10  minutes  with  MTSB  plus  0.1%  Triton  X-100  to  remove 
unassembled  tubulin.  The  remaining  Triton-extracted  cytoskeletal  ghosts  were  then  solubilized 
from  the  dish  by  adding  300ul  of  lysis  buffer  (25  mL  Tris-HCl  pH  7.4,  0.4  M  NaCl,  and  0.5% 
SDS)  and  scrapping  with  a  rubber  policeman.  After  5  minutes  at  37°C,  cell  lysates  were 
transferred  to  1 .5  ml  microcentrifuge  tubes.  The  samples  were  boiled  for  3  minutes  and  either 
kept  on  ice  for  immediate  analysis  or  stored  at  -80°C  freezer.  Total  tubulin  was  extracted  by 
addition  of  lysis  buffer  directly  to  intact  cells.  All  extraction  steps  were  performed  at  37°C. 
Polymerized  and  total  tubulin  fractions  were  analyzed  using  standard  western  blotting 
techniques. 

The  protein  concentrations  of  samples  were  determined  by  BCA  assay  (Smith  et  al., 

1985).  Equivalent  volumes  of  protein  samples  were  electrophoresed  in  12.5%  pre-cast  SDS 
PAGE  page-one  gels,  and  then  transferred  onto  a  0.20  micron  nitrocellulose  membrane  using  a 
Bio-Rad  Miniblot  apparatus  (Bio-Rad)  at  85  V  for  4.5  hours.  The  nitrocellulose  blot  was 
subsequently  blocked  overnight  with  3%  fish  gelatin,  2%  BSA  and  8%  FBS  in  phosphate 
buffered  saline  solution  (PBS).  After  rinsing  briefly  in  PBS  containing  0.04%  Tween  20  (PBST), 
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the  membrane  was  incubated  with  shaking  at  4°C  overnight  with  a  monoclonal  anti-P-tubulin 
antibody  diluted  1 :800.  The  membrane  was  washed  using  at  least  4  changes  of  PBST  over  10 
minutes  with  gentle  agitation  and  then  transferred  to  a  diluted  biotinylated  anti-rabbit  Ig  G 
secondary  antibody  in  PBST.  After  rinsing  the  blot  at  least  4  times  with  PBST  for  10  minutes 
with  shaking,  the  membrane  was  incubated  in  the  VECTASTAIN  ABC  reagent  for  45  minutes 
with  gentle  agitation.  Before  adding  the  substrate  solution,  the  membrane  was  rinsed  4  times 
with  PBST  for  10  minutes  each  with  shaking.  50  |il  30%  H2O2, 30  mg  diaminobenzidine 
dissolved  in  45  ml  of  50  mM  Tris  buffer,  and  5  ml  of  0.3%  NiCh  were  added  to  the  membrane 
and  the  reaction  allowed  to  proceed  for  5  minutes.  The  blot  was  rinsed  in  2  changes  of  distilled 
water  over  10  minutes  and  dried  for  analysis. 

Total  tubulin  and  polymerized  tubulin  lanes  on  the  western  blots  were  analyzed  via 
densitometry.  Cell  extracted  tubulin  and  tubulin  standards  were  treated  identically.  The  denisty 
of  bands  was  assumed  to  be  proportional  to  the  total  amount  of  protein  present.  The  ratio  of 
soluble  tubulin  to  polymerized  tubulin  was  taken  as  the  ratio  of  the  quantity,  the  density  of  the 
total  tubulin  band  minus  the  density  of  the  polymerized  tubulin  band,  to  the  density  of  the 
polymerized  tubulin  band. 

TUNEL  Assay 

DNA  fragmentation  was  measured  using  a  TUNEL  assay.  Cells  were  permeablilzed,  the 
3’  OH  termini  were  labeled  with  fluorescein- 12-dUTP,  and  whole  DNA  3 ’ends  were  labeled  with 
propidium  iodide  (PI)  according  to  the  procedure  outlined  for  cell  suspension  with  flow  cytometry 
given  by  the  manufacturer  with  minor  modifications.  For  each  measurement,  2-3  million  cells 
(one  plate)  were  used.  To  prepare  cells  for  the  TUNEL  assay,  the  culture  medium  was  removed 
from  the  culture  dish  and  trypsin/EDTA  was  added  to  gently  detach  the  cell  monolayer  from  the 
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dish.  The  cell  suspension  was  then  centrifuged  and  washed  with  PBS.  Afterwards,  cells  were 
fixed  with  methanol  free  formaldehyde  for  20  minutes.  Another  wash  with  PBS  was  performed 
after  fixing  the  cells.  Finally,  the  cells  were  permeabilized  by  adding  ethanol.  The  cells  were 
then  stored  in  -20°C  freezer  for  at  least  four  hours  before  carrying  out  the  rest  of  the  procedure 
outlined  by  the  manufacturer. 

Results  were  analyzed  on  a  FACS  Caliber  flow  cytometer  (Becton  Dickinson)  using  a  15 
mW  argon  laser  at  488  nm  excitation  wavelength.  Emission  filters  of  530  nm  bandpass  for  green 
fluorescence  (fluorescein  labeled  dUTP  in  this  case)  and  585  nm  for  red  (PI)  were  used. 
Electronic  compensation  was  used  to  prevent  bleed  through  fluorescence.  Forward  and  side  light 
scatter,  green  fluorescence,  FL1,  and  red  fluorescence,  FL2,  were  collected  and  analyzed  on 
30,000  cells/sample  with  Cellquest  software  (Becton  Dickinson).  The  two  parameter  histogram 
of  FL2  area  versus  FL2  width  was  used  to  gate  on  single  cells.  A  positive  apoptotic  region  on 
the  FL1  versus  FL2  histogram  was  set  so  that  <2%  of  the  non  sheared  cells  (control)  were 
positive  for  apoptosis.  The  fraction  of  cells  with  fragmented  DNA  was  determined  by  counting 
cells  with  green  (fluorescein)  fluorescence  whose  intensity  was  above  a  threshold  determined 
from  control  cells. 

MTT  Assay 

Cell  viability  was  measured  using  the  3,  (4,  5-dimethylthiazol-2-yl)  2,  5-diphenyl- 
tetrazolium  bromide  (MTT)  reduction  assay  (Pollack,  1 995).  Cells  were  plated  in  dishes  at 
uniform  density,  treated,  then  MTT  reduction  was  assessed.  MTT  was  added  to  a  final 
concentration  of  0.5  mg/mL  in  the  culture  dish.  Culture  dishes  were  then  incubated  at  37°C  in  a 
5%  (v/v)  C02  environment  for  4  h  to  allow  metabolically  active  cells  time  to  reduce  MTT.  The 
reaction  was  stopped  and  formazan  crystals  were  dissolved  by  the  addition  of  a  5:2:3 
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DMF:SDS:H20  solution  at  pH  4.7  in  an  amount  equal  to  the  volume  of  the  culture  medium.  The 
plates  were  incubated  for  at  least  12  h  in  a  5%  (v/v)  C02  environment  at  37°C  prior  to  reading 
the  absorbance  at  585  nm  (Emax  microplate  reader.  Molecular  Probes).  Particulate  scatters  were 
accounted  for  by  subtracting  the  absorbance  at  measured  650  nm  from  the  absorbance  measured 
at  585  nm.  Controls  (cells  not  subjected  to  shear  stress)  were  normalized  to  100%  viability. 
Viability  was  reported  as  a  percentage  of  the  absorbance  (MTT  reduction)  measurement  of  the 
treated  cells  relative  to  the  absorbance  measurement  from  the  untreated  controls. 

Data  Analysis 

All  data  represent  means  ±  S.E.M.  for  n  independent  determinations.  Specific  n  values 
are  given  in  figure  legends.  The  significance  of  results  was  determined  by  one  tailed  Student’s  t 
test  assuming  unequal  variances.  For  all  results,  a  p  value  of  0.05  was  used  for  the  level  of 
significance,  although  for  individual  data  sets,  a  more  stringent  significance  level  may  have  been 
employed  as  indicated  in  figure  legends. 
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RESULTS 

We  examined  the  relationship  between  fluid  stress  and  strain  for  differentiated  SH-SY5Y 
cells  exposed  to  increasing  levels  of  shear  ranging  from  5  to  45  dynes/cm2  for  10  min.  As  seen 
in  Figure  2,  the  principle  strain  observed  in  cells  not  previously  exposed  to  fluid  shear  stress 
reached  a  maximum  strain  level  within  ten  minutes  of  stress  application  at  both  5  and  1 5  dynes/ 
cm  stress  levels.  Longer  durations  of  shear  stress  (up  to  90  minutes)  did  not  result  in  further  cell 
strain  (data  not  shown).  At  a  stress  level  of  45  dynes/cm2,  the  maximum  cell  strain  may  not  have 
been  reached  within  10  minutes.  The  maximum  observed  cell  strain  increased  with  increased 
stress  level.  The  difference  in  strain  observed  at  5  and  45  dynes/cm2  was  significant. 

To  simulate  the  oscillatory  nature  of  pressure,  stress  and  strain  in  vivo,  SH-SY5Y  cells 
were  sheared  under  cyclic  flow  conditions.  We  examined  the  extent  of  cell  injury  for  both 
steady  and  pulsatile  flow  conditions  using  a  TUNEL  assay.  Differentiated  SH-SY5Y  cells  were 
exposed  to  10  dynes/cm2  steady  shear  stress  (one  cycle)  for  10  minutes,  steady  shear  stress  for  90 
minutes,  or  cyclic  shear  stress  (six  cycles)  for  1.5  h.  The  percentage  of  cells  with  fragmented 
DNA  increased  from  13  ±  0.2  %  to  45  ±  4  %  when  the  number  of  cycles  of  shear  stress  increased 
from  one  to  six.  Changing  the  duration  of  steady  shear  stress  from  10  minutes  to  90  minutes  did 
not  significantly  affect  the  percentage  of  cells  with  fragmented  DNA,  however,  changing  the 
relative  amounts  of  time  that  cells  were  exposed  to  shear  stress  relative  to  the  times  where  shear 
stress  was  off  did  appear  to  affect  the  level  of  injury.  In  general,  if  shear  stress  times  were 
greater  than  rest/recovery  times,  injury  was  high,  while  if  rest/recovery  times  were  of  equal 
magnitude  to  shear  stress  times,  injury  was  low.  A  summary  of  results  of  the  effects  of  cyclic 
shear  stress  on  cell  injury  can  be  seen  in  Figure  3. 
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Figure  4A  shows  the  SH-SY5Y  strain  profile  for  cells  sheared  at  a  frequency  of  6  cycles 
of  pulsatile  flow  (on  for  13  minutes  then  off  for  2  minutes)  at  15  dynes/cm2  for  at  total  time  of 
1 .5  h.  These  are  the  conditions  under  which  we  observed  the  greatest  cell  injury  as  measured  by 
DNA  fragmentation.  Figure  4B  (inset)  shows  the  average  strains  at  the  end  of  the  shear  cycle,  at 
the  midpoint  of  the  static  cycle,  and  within  13  ±  1  s  of  the  beginning  of  the  subsequent  cycle. 
During  the  2  min  static  period,  there  was  a  3.5  fold  decrease  in  cell  strain  to  nearly  the  original 
cell  dimension  compared  to  the  strain  during  flow  conditions.  There  was  no  significant 
difference  between  the  level  of  strain  at  the  beginning  of  a  cycle  and  that  at  the  end  of  a  cycle  for. 
all  but  the  first  cycle. 

We  also  measured  the  strain  rate  for  both  steady  shear  to  cyclic  shear  to  explore  the 
relationship  between  strain  rate,  cycles  of  shear  stress,  and  extent  of  cellular  injuiy.  Figure  5 
shows  the  strain  as  a  function  of  time  during  the  first  cycle  of  shear  stress  compared  to  the  strain 
observed  during  all  other  cycles  (designated  the  nth  cycle).  During  the  first  cycle  (t  =  0  -  1 3 
min),  4  min  of  shear  is  required  to  reach  maximum  strain.  However,  for  every  additional  nth 
cycle,  maximum  strain  is  reached  seconds  following  the  initiation  of  shear. 

We  fit  the  strain  rate  data  to  a  viscoelastic  model  in  order  to  examine  the  role  of  changes 
in  the  cell  polymer  network  in  the  extent  of  cellular  injury  during  shear  stress  application.  We 
found  the  deformation  time  constant  of  the  cell  for  the  first  cycle  and  the  nth  cycle  to  be  3  ±  1 
min  and  0.17  ±  0.08  min,  respectively.  This  corresponds  to  a  strain  rate  of  4  ±  1  *10'4  s'1  and  7  ± 
3  *10‘3  s'1  for  the  first  and  nth  shear  stress  cycle,  respectively.  The  decrease  in  time  constant  for 
deformation  from  the  first  to  nth  shear  cycle  is  consistent  with  the  cell  response  to  shear  stress 
becoming  more  elastic  after  the  first  shear  stress  cycle. 
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We  examined  directly  the  effect  of  shear  stress  on  the  cell  cytoskeleton.  We  measured 
the  amount  of  polymerized  tubulin  and  total  tubulin  in  cells  before  and  after  six  cycles  of  shear 
stress.  As  seen  in  Figure  6,  shear  stress  causes  a  large  decrease  in  the  amount  of  polymerized 
tubulin  in  cells  compared  to  untreated  controls.  Immunoblots  of  total  and  polymerized  tubulin 
for  sheared  and  control  cellsare  shown  in  Figure  6A.  The  fraction  of  polymerized  tubulin 
relative  to  total  tubulin,  as  measured  from  densitometric  analysis  of  immunoblots  is  shown  in 
Figure  6B. 
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DISCUSSION 

Shear  stress  and  strain  have  long  been  know  to  affect  cell  physiology.  Shear  stress  has 
been  implicated  in  the  mechanism  of  neurodegeneration  associated  with  head  injury  (§jj§). 

During  glaucoma,  elevated  IOP  leads  to  regions  of  high  shear  stress  in  the  region  of  the  eye 
where  the  optic  nerve  tranverses  the  globe  (HI).  Cell  death  via  apoptosis  is  seen  following 
elevated  IOP  in  the  retinal  ganglion  cells  that  make  up  the  optic  nerve  (US).  There  are  a  variety 
of  other  disorders  and  injuries  where  compression,  stress  or  strain  may  be  involved  in 
nerve/neuro-degeneration.  Hydrocephalus,  carpel  tunnel  syndrome,  and  other  repetitive  strain 
injuries  are  some  examples  (Bh. 

The  strain  rate  associated  with  cell  injury  may  be  important  in  determining  the 
mechanism  of  cell  injury.  During  head  injury,  strain  rates  are  predicted  to  be  high  (on  the  order 
of  10  s'1)  (HI).  During  glaucoma,  deformation  and  changes  in  deformation  may  occur  at  a  rate 
closer  to  10~4  s~l(B). 

A  number  of  investigators  have  also  demonstrated  the  importance  of  shear  stress  and 
strain  in  models  of  neuronal  cell  injury  (7-10).  Shear  stress  in  these  models  resulted  in 
propidium  dye  uptake,  lactate  dehydrogenase  release,  phophatidyl  choline  biosynthesis,  and 
calcium  ion  influx  (Iff).  Cell  injury  was  associated  with  high  strain  rate.  We  have  recently 
shown  that  shear  stress  induces  G  protein  activation,  nitric  oxide  synthase  activation,  new  protein 
synthesis,  and  DNA  fragmentation  without  lactate  dehydrogenase  release  in  differentiated  human 
SH-SY5Y  neuroblastoma  cells  (12,  Q).  The  mechanism  of  injury  in  our  model  appears  to  be 
significantly  different  than  that  reported  for  high  strain  rate  models.  Because  of  the  presumed 
importance  of  strain  rate  in  injury,  both  in  vivo  and  in  vitro,  we  were  interested  in  examining 
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how  the  viscoelastic  properties  of  cells  were  related  to  the  extent  of  cell  injury  in  our  in  vitro 
model. 

We  measured  cell  body  mechanical  deformation  (strain)  for  cells.  The  maximum  strain 
observed  for  a  shear  stress  level  of  1 5  dynes/cm2  was  0.084  ±  0.004  (Figure  2).  This  result 
compares  favorably  with  those  of  Laplaca  and  Thibault,  who  reported  shear  stress  (20 
dynes/cm2)  induced  strains  of  0.12  ±  0.05  for  clusters  of  retanoic  acid  differentiated  NT2-N  cells 
sheared  with  a  parallel  plate  viscometer  (13). 

Based  on  observations  from  in  vivo  injuries  and  diseases,  we  believe  that  repetitive  or 
cyclic  shear  stress  may  be  more  harmful  to  neurons  than  constant  steady  injury.  Two  examples 
are  the  increased  progression  of  vision  loss  in  glaucoma  that  is  associated  with  individuals  with 
large  diurnal  variations  in  IOP  (ref)  and  the  increased  severity  of  carpel  tunnel  syndrome 
associated  with  high  frequency  of  motion  (ref).  In  vitro,  in  non-neuronal  cells,  a  number  of 
investigators  have  reported  that  cyclical  (or  pulsatile)  shear  stress  leads  to  greater  cellular 
response  than  constant  shear  stress  in  endothelial  cells  (14-16).  We  examined  if  the  same  was 
true  for  neuron-like  cells.  We  had  previously  shown  that  pulsatile  shear  stress  led  to  DNA 
fragmentation  in  differentiated  SH-SY5Y  neuroblastoma  cells  (ref).  In  the  present  study,  we 
compared  the  effect  of  cyclic  shear  stress  and  steady  shear  stress  on  differentiated  SH-SY5  Y 
cells  and  examined  the  role  of  cycle  frequency  on  the  level  of  injury  (Figure  3).  Cyclic  shear 
stress  leads  to  three  times  more  cells  with  fragmented  DNA  than  steady  shear  stress  of  the  same 
magnitude  and  duration  under  our  experimental  conditions  (Figure  3  A).  In  addition,  when  shear 
stress/  no  stress  cycle  times  were  varied,  only  cycles  in  which  the  rest  or  recovery  period  was 
less  than  the  shear  stress  time  resulted  in  significant  loss  of  viability  in  cells  (Figure  3B).  We 
speculate  that  there  is  some  change  in  cell  property  during  shear  stress  associated  with  the  cell’s 
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ability  to  resist  mechanical  deformation,  which  is  given  sufficient  time  between  insults,  can 
recover  to  normal  values.  However,  if  recovery  time  between  cycles  of  shear  stress  is  too  short, 
cell  properties  do  not  return  to  normal  and  increased  loss  of  viability  will  result. 

To  investigate  the  role  of  cell  rheological  properties  in  cyclic  shear  stress  induced  injury, 
we  measured  cell  strain  during  a  typical  cyclic  stress  protocol.  When  the  profile  of  the  applied 
shear  stress  is  cyclical,  the  resulting  strain  is  also  cyclical  (Figure  4)  indicating  the  deformation 
experienced  by  the  cells  is  at  least  partially  elastic.  Because  the  resulting  strain  remains  finite 
during  the  static  periods,  we  speculate  a  residual  plastic  deformation  component  also  exists  or 
that  insufficient  time  was  allowed  for  complete  strain  relaxation. 

We  examined  the  strain  rate  associated  with  one  cycle  or  steady  shear  stress  and  that 
associated  with  all  subsequent  cycles  of  shear  stress.  As  seen  in  Figure  5,  strain  rate  increased 
dramatically  from  the  first  cycle  to  all  subsequent  cycles.  When  viscoelastic  models  were  fit  to 
the  strain  rate  data,  the  deformation  time  constant  for  the  first  cycle  was  over  an  order  of 
magnitude  higher  than  the  deformation  time  constant  for  the  subsequent  cycles.  This  decrease  in 
time  constant  is  indicative  of  an  increase  in  elasticity  of  the  cell  or  of  the  polymer  network 
forming  the  cell  cytoskeleton.  Such  an  increase  in  elasticity  could  be  due  to  increased 
crosslinking  or  a  higher  degree  of  polymerization  of  the  network.  Alternatively,  the  change  in 
elasticity  could  be  due  to  loss  of  the  viscous  element  (one  of  the  cytoskeletal  components)  from 
the  cell.  Thus  the  cell  would  deform  to  some  maximum  (probably  defined  by  the  membrane, 
matrix  adhesion  molecules,  and  the  remaining  cytoskeletal  filaments)  at  a  rate  that  is  not 
dampened  by  the  stretching  and/or  reorganization  of  the  polymer  network  inside  the  cell. 

We  investigated  cytoskeletal  changes  upon  application  of  cyclic  shear  stress.  As  seen  in 
Figure  6,  cyclic  shear  stress  under  conditions  which  result  in  significant  DNA  fragmentation, 
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also  lead  to  significant  loss  of  polymerized  tubulin  within  the  cell.  Therefore,  it  appears  that  the 
increase  in  elasticity  of  the  cell  under  shear  stress  is  due  to  the  loss  of  microtubules  which  resist, 
in  a  viscoelastic  manner,  the  deformation  of  the  cell.  The  role  of  the  length  of  the  recovery 
period  between  shear  stress  periods  may  be  related  to  the  time  it  takes  for  the  tubulin 
cytoskeleton  to  reassemble  to  resist  subsequent  deformation.  It  is  believed  that  injury  occurs 
more  readily  at  high  strain  rate,  therefore  the  ability  of  the  cytoskeleton  to  resist  cell  deformation 
may  play  an  important  role  in  modulating  strain  rate  of  cells  exposed  to  shear  stress  and 
protecting  cells  from  injury. 

Cytoskeletal  involvement  in  shear  stress  induced  cell  injury  is  not  unexpected.  A  number 
of  experimenters  have  seen  decreased  tissue  levels  of  microtubule  associated  proteins  even  in 
mild  head  injury  (Saatman,  Hielis).  Large  (1000  fold)  increases  in  tau,  another  microtubule 
binding  protein,  have  been  seen  in  cerebral  spinal  fluid  (Zemlan).  Decrease  in  tissue  level 
microtubule  associated  proteins  and  increases  in  tau  in  cerebral  spinal  fluid  are  consistent  with  a 
loss  of  microtubules  associated  with  head  injury.  In  vitro,  large  changes  in  cytoskeletal 
organization  after  optic  nerve  stretch  experiments  are  seen  (ref).  Loss  of  microtubules  are  seen 
even  in  mild  injuries  (ref). 

In  summary,  we  have  examined  the  relationship  between  cyclic  shear  stress,  cell  strain, 
cytoskeletal  polymerization,  and  loss  of  viability  in  an  in  vitro  model  of  cell  injury.  We  believe 
the  changes  in  strain  rate  associated  with  cyclic  shear  stress  are  due  to  loss  of  microtubules  during 
shear  stress  and  that  the  increased  strain  rate  after  the  first  cycle  of  shear  stress  may  be  an 
important  in  determining  the  extent  of  cell  injury  with  each  subsequent  cycle  of  shear  stress.  Our 
work  should  contribute  to  a  better  understanding  of  the  mechanism  of  shear  stress  and  strain 
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induced  neurodegeneration,  especially  in  cases  where  the  stress  to  the  nerve  or  neuron  is  cyclical 
or  repetitive. 
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FIGURE  LEGENDS 


Figure  1.  Schematic  diagram  of  neuroblastoma  cell  in  unstrained  and  strained  configuration. 
The  stretch  ratio  in  direction  i,  (for  i  =  1,  2)  is  define  as  ratio  of  the  strained  length,  Lj  to  the 
original  unstrained  length  (Lj)0. 

Figure  2.  Time  dependence  of  strain  for  differentiated  SH-SY5Y  clusters  of  3  or  more  cells. 
Cells  were  exposed  to  constant  shear  for  1 0  min.  Data  represent  mean  ±  S.E.M.  for  n  =  4  cells 
for  each  shear  level.  *  indicates  strains  are  different  with  a  significance  of  p  <  0.05. 

Figure  3.  Effect  of  cyclic  shear  stress  on  SH-SY5Y  cell  viability.  (A)  Cells  were  exposed  to  no 
shear  stress  (Control),  steady  shear  stress  for  90  minutes  (1  Cycle),  or  cyclic  shear  stress  for  90 
minutes  (6  Cycles)  at  10  dynes/cm2.  Extent  of  cell  injury  is  reported  as  the  percentage  of  cells 
with  fragmented  DNA  as  measured  by  the  TUNEL  assay  (solid  bars)  and  as  percentage  of  MTT 
reduction  relative  to  untreated  cells  (open  bars).  In  our  hands,  the  MTT  assay  underreports  the 
extent  of  cell  injury  as  compared  to  the  TUNEL  assay,  however  comparable  trends  are  observed 
using  either  measurement.  *  indicates  result  is  significantly  different  from  untreated  controls 
p<0.05,  **  indicates  result  is  significantly  different  from  steady  shear  stress/1  cycle  data  p<0.01. 
(B)  Cells  were  exposed  to  6  cycles  of  shear  stress  at  5  dynes/cm2  with  shear  stress  times  (On) 
followed  by  recovery  times  (Off)  as  indicated  making  up  each  cycle.  Cell  viability  after  shear 
stress  is  reported  as  the  percent  reduction  of  MTT  relative  to  untreated  cells.  *  indicates  result  is 
significantly  different  from  untreated  controls  p<0.05.  Data  represent  means  ±  S.E.M.  for  n  =  6 
-  8  measurements.  Significance  was  determined  by  Student’s  t  test. 
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Figure  4.  Strain  for  differentiated  SH-SY5Y  cells  subjected  to  pulsatile  shear  profile.  Cells 
were  exposed  to  15  dyn/cm2  shear  stress  for  13  min  followed  by  2  min  of  no  shear.  This  cycle 
was  repeated  6  times  for  a  total  of  90  min.  Grey  bars  symbolize  the  beginning  of  a  new  13  min 
shear  period.  Open  bars  designate  the  2  min  no  shear  period.  Solid  (black)  bars  represent  the 
end  of  a  13  min  shear  period.  The  solid  line  beneath  the  time  scale  indicates  periods  when  shear 
is  applied.  Data  represent  mean  ±  S.E.M.  for  n  =  1 0  cells.  Inset:  Average  strain  at  end,  no 
shear,  and  beginning  of  shear  cycle.  Data  represents  mean  ±  S.E.M.  for  n  =  60,  50,  and  50 
measurements  for  end  of  cycle,  no  shear,  and  beginning  of  cycle,  respectively.  *  indicates  that 
strain  at  beginning  and  end  of  cycle  are  significantly  different  than  strain  during  no  shear  period 
withp  <  0.05. 

Figure  5.  Strain  as  a  function  of  time  and  cycle  number  for  differentiated  SH-SY5  Y  cells 
exposed  to  cyclic  shear  stress.  Circles  indicate  cell  strain  during  first  cycle.  Squares  indicate 
strain  during  all  other  cycles.  Data  represent  mean  ±  S.E.M.  for  n  >  4  cells. 

Figure  6.  Extent  of  tubulin  polymerization  before  and  after  cyclic  shear  stress.  (A) 

Immunoblot  of  polymerized  tubulin  from  sheared  cells  (lane  1),  polymerized  tubulin  from 
control  cells  (lane  2),  total  tubulin  from  control  cells  (lane  3),  and  total  tubulin  from  sheared  cells 
(lane  4).  (B)  Fraction  of  polymerized  tubulin  relative  to  total  tubulin  in  control  and  sheared  cells 
as  estimated  from  densitometry  of  immunoblots. 
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Abstract  * 

Abnormal  shear  stress  and  strain,  when  applied  to  the  eentral  nervous  system  as  during  traumatic 

injuty  or  disease,  results  in  ceil  death  via  apoptosis.  We  have  previously  shown  that  shear  stress 

application  to  neuron-like  cells  in  vUro  leads  to  elevated  nitric  oxide  (NO)  production  and  DNA 

fragmentation.  Here  we  report  that  antioxidants,  an  inhibitor  of  phospholipase  C,  an  NMDA 

receptor  antagonist,  and  an  inhibitor  of  calcium  release  from  intracellular  stores  attenuated  shear 

stress  induced  DNA  fragmentation.  We  show  the  relationship  between  NO  production  and  other 

steps  in  the  apoptotic  pathway.  This  work  will  contribute  to  the  elucidation  of  the  mechanism 

of  shear  stress-induced  cell  injtuy  and  should  be  relevant  to  the  development  of  treatments  for 

traumatic  injury  and  disease  where  the  centre,  nervous  system  is  exposed  to  abnormal  stress  and 
strain. 


Key  Words:  shear  stress,  strain, 


apoptosis,  head  injury,  glaucoma,  in  vitro  model 
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Introduction 

Shear  stress  and  strain  are  known  to  be  deleterious  to  central  nervous  tissue.  In  vivo,  high 
levels  of  shear  stress  and  high  strain  rates  are  associated  with  traumatic  head  injuiy.17  During 
glaucoma,  the  lamina  cribrosa  deforms  with  elevated  intraocular  pressure,  producing  shear  stress 

and  strain  on  cells  in  the  retina.36  In  both  glaucoma  and  head  injuiy,  cell  death  via  apoptosis  has 
been  observed. 1 1,23 

In  vitro,  shear  stress  and/or  strain  applied  to  neurons  and  neuron-like  cells  have  been 
shown  to  lead  to  increased  intracellular  Ca2+  concentration,  uptake  of  propidium  iodide,  and 
lactate  dehydrogenase  release.  We  have  shown,  using  an  in  vitro  model  of  shear- 

induced  cell  injuiy,  that  shear  stress  and  strain,  applied  to  differentiated  neuroblastoma  cells,  lead 
to  G  protein  activation  (unpublished  results),  increased  nitric  oxide  (NO)  production,  and  DNA 
fragmentation.  Here  we  further  examine  the  mechanism  of  shear  stress  and  strain  induced  injuiy 
in  differentiated  SH-SY5Y  neuroblastoma  cells. 

We  show  that  NO  and  Ca2+  play  a  role  in  shear  stress  induced  cell  injury.  We  provide 
evidence  that  implicates  free  radical  production,  the  inositol  triphosphate  pathway,  and  calcium 
entry  into  cells  through  the  N-methyl-d-  aspartate  (NMDA)  channel  in  the  mechanism  of  shear  " 
stress  induced  DNA  fragmentation.  Addition  of  antioxidants  and  the  inhibition  of  NO 
production,  phospholipase  C  activation,  calcium  release  from  stores,  and  calcium  entry  through 
the  NMDA  channel  all  attenuate  shear  stress  induced  DNA  fragmentation.  These  results 
contribute  to  the  development  of  in  vitro  models  of  shear  stress-induced  neuron-like  cell  injury 


and  could  aid  in  the  design  of  new  therapeutic  strategies  for  the  treatment  of  injury  or  disease  in 
whrch  the  cells  of  the  nervous  system  are  exposed  to  abnormal  stress  and  strain. 

Materials  and  Methods 
Materials 

Tissue  culture  reagents  were  obtained  from  GibcoBRL  (Grand  Island,  NY).  Methanol 
free  formaldehyde  was  obtained  from  Poly  Sciences  Inc.f  Warning,™,  PA).  Dulbecc0  phosphate 

buffered  saline  (PBS)  was  obtained  from  Pierce  Chemical  Co.  (Rockford,  1L).  Apoptosis 

Detection  System,  Fluorescein  was  obtained  from  Promega  (Madison,  WI).  Annexin  V 

Apoptosis  Detection  Kit  was  obtained  from  R&D  Systems  (Minneapolis,  MN).  The  lactate 

dehydrogenase  (LDH)  diagnostic  ldt  and  all  other  chemicals  were  purchased  from  Sigma  (St, 
Louis,  MO). 

Cell  Culture 

The  human  neuroblastoma  cell  line,  SH-SY5Y,  a  kind  gift  from  Dr.  Evelyn  Tiffany- 
Castiglioni,  was  used  for  all  experiments.  The  SH-SY5Y  cell  line  is  the  neuronal  subclone  derived 
from  SK-N-SH  cell  line.  The  cells  were  cultured  in  a  humidified  5%(v/v)  C03  air  environment  a, 
37°C  using  minimum  essential  media  supplemented  with  antibiotics  as  previously  described.* 
Prior  to  shear  experiments  cells  are  plated  at  a  density  of 400,000  cells/ml  and  differentiated  in 
the  60  mm  tissue  culture  dish  for  5-7  days  by  directly  adding  10  ng  mL  '  of  NGF-P. 


Shear  Stress  Application 
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The  shear  stress  apparatus  was  a  modification  of  a  cone  and  plate  viscometer  previously 
described  in  detail.30  It  consisted  of  a  GlasCol  stirrer  and  motor  controller  (Terre  Haute,  IN),  and 
a  stainless  steel  or  plexiglass  cone  (Texas  A&M  Chemical  Engineering  machine  shop,  College 
Station,  TX).  The  cone  had  a  5°  angle  relative  to  a  stationary  tissue  culture  dish  containing  a 
layer  of  SH-SY5  Y  cells  and  outside  dimensions  such  that  it  had  1  mm  clearance  from  the  dish 
edge.  The  monolayer  of  cells  adherent  to  the  culture  dish  was  exposed  to  fluid  flow  by  rotating 
the  cone,  whose  tip  contacted  the  plate,  over  the  surface  of  the  plate.  Culture  medium  filled  the 
space  between  the  cone  and  the  layer  of  cells.  The  angular  velocity  of  the  cone  was  directly 
proportional  to  the  shear  stress  applied  to  the  fluid  above  the  cell  layer.  The  shear  flow  of  the 
fluid  above  the  cell  layer  resulted  in  a  slow  or  low  strain  rate  deformation  of  cells.31  For  an 

applied  shear  stress  of  10  dynes  cm'2,  a  cell  strain  of  approximately  0.06  was  achieved  within  10 
minutes  of  commencement  of  rotation  of  cone. 

To  generate  pulsatile  shear  stress,  the  rotating  cone  was  started  and  stopped 
automatically  such  that  the  cone  was  rotating  for  13  minutes,  then  stopped  for  two  minutes, 

repeatedly  for  a  period  of  90  minutes.  Duringthe  13  minutes  “on”  period,  the  cone  was  rotated 

at  a  constant  angular  velocity.  For  a  shear  stress  of  10  dynes  cm'2,  the  angular  velocity  of  the 
cone  was  controlled  at  90  revolutions  per  minute.  Except  for  the  treated  and  untreated  control 
cells,  all  cells  were  exposed  to  pulsatile  shear  for  90  minutes  at  10  dynes  cm'2.  The  sheared  cells 
were  either  untreated  or  treated  with  various  pharmacological  agents. 


6 


Inhibition  of  shear  induced  cell  injury 

The  cell  culture  medium  was  changed  prior  to  exposure  of  cells  to  shear  stress.  At  times 
prior  to  application  of  shear  stress,  various  pharmacological  agents  were  added  to  cells  to  examine 
their  effect  on  the  extent  of  shear  stress  induced  injury.  Agent  concentration  and  time  of 
incubation  prior  to  shear  stress  application  are  listed  in  Table  1. 

Cells  were  subjected  to  pulsatile  shear  at  10  dynes  cm*2  for  90  minutes.  Immediately 
after  shear  stress  application,  samples  of  culture  medium  were  taken  for  nitric  oxide  (NO) 
analysis  and  cells  were  prepared  for  measurement  of  DNA  fragmentation  via  the  TUNEL  assay. 
Control  cells  were  treated  identically  except  for  the  application  of  shear. 

Nitric  oxide  measurement 

NO  formed  by  cells  is  rapidly  converted  to  nitrite  in  cell  culture  medium.  Nitrite  present 
m  the  culture  medium  was  measured  chemiluminescently  using  a  Sievers  Nitric  Oxide  Analyzer 
270B  (Boulder,  CO).  100  pL  of  sample  was  injected  into  the  NOA.  In  an  acidic  environment, 
nitrite  was  reduced  by  potassium  iodide  to  NO  and  then  transferred  to  a  reaction  cell  to  react 
with  ozone.  The  light  produced  by  this  reaction  was  detected  via  a  photomultiplier  tube.  The 

signal  from  photomultiplier  tube  was  calibrated  against  nitrite  standards.  NO  measurements  were 
taken  immediately  after  shear  application. 

Apoptosis  determination 

DNA  fragmentation  was  measured  using  a  TdT-mediated  dUTP  nick  end  translation 
(TUNEL)  assay  kit  from  Promega  (Fitchburg,  WI).  Cells  were  permeablilzed,  the  3’  OH  termini 
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were  labeled  with  fluorescein-  12-dUTP,  and  whole  DNA  3’ ends  were  labeled  with  propidium 
iodide  (PI)  according  to  the  procedure  outlined  for  cell  suspension  with  flow  cytometry  given  by 
the  manufacturer  with  minor  modifications.  For  each  measurement,  2-3  million  cells  (one  plate) 
were  used.  To  prepare  cells  for  the  TUNEL  assay,  the  culture  medium  was  removed  from  the 
culture  dish  and  tiypsin/EDTA  was  added  to  gently  detach  the  cell  monolayer  from  the  dish. 

The  cell  suspension  was  then  centrifuged  and  washed  with  phosphate  buffer  saline  (PBS). 
Afterwards,  cells  were  fixed  with  methanol  free  formaldehyde  for  20  minutes.  Another  wash 
with  PBS  was  performed  after  fixing  the  cells.  Finally,  the  cells  were  penneabilized  by  adding 
ethanol.  The  cells  were  then  stored  in  -20°C  freezer  for  at  least  four  hours  before  carrying  out 
the  rest  of  the  procedure  outlined  by  the  manufacturer. 

Results  were  analyzed  on  a  FACS  Caliber  flow  cytometer  (Becton  Dickinson)  using  a  15 
mW  argon  laser  at  488  nm  excitation  wavelength.  Emission  filters  of  530  nm  bandpass  for  green 
fluorescence  (fluorescein  labeled  dUTP  in  this  case)  and  585  nm  for  red  (PI)  were  used. 

Electronic  compensation  was  used  to  prevent  bleed  through  fluorescence.  Forward  and  side  light 
scatter,  green  fluorescence,  and  red  fluorescence,  were  collected  and  analyzed  on  30,000 
cells/sample  with  Cellquest  software  (Becton  Dickinson).  A  positive  apoptotic  region  on  the 
fluorescein-dUTP  versus  PI  histogram  was  set  so  that  <2%  of  the  non  sheared  cells  (control) 
were  positive  for  apoptosis.  The  fraction  of  cells  with  fragmented  DNA  was  determined  by 
counting  cells  with  green  (fluorescein)  fluorescence  whose  intensity  was  above  a  threshold 
determined  from  control  cells. 

The  accumulation  of  phosphatidyl  serine  (PS)  on  the  external  surface  of  the  cell  is  one  of 
the  changes  that  occur  in  the  cell  membrane  early  in  apoptosis.  The  amount  of  PS  expression 
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was  probed  using  fluorescently  labeled  annexin  and  flow  cytometry.  Annexin  is  known  to  bind 
preferentially  to  PS  in  membranes.  The  amount  of  annexin  binding  to  cells,  an  indication  of  the 
relative  PS  present  in  the  membrane,  was  determined  using  the  Annexin  V  Apoptosis  Detection 
kit  (R&D  Systems,  Minneapolis,  MN)  according  to  manufacturer’s  direction.  Cells  were 
counter-stained  with  PI  to  indicate  the  relative  permeability  of  the  membrane.  Cells  were 
detached  gently  from  dish  and  pelleted  by  centrifugation  at  500g  for  10  minutes.  Cells  were  then 
washed  in  PBS  and  pelleted  by  centrifugation.  Afterwards,  lOOpL  of  Annexin  V  Incubation 
Reagent  (containing  0.25pg  ml/1  annexin  and  S^g  ml/1  PI)  was  added  for  every  500,000  cells. 
The  cell  suspension  was  incubated  in  the  dark  at  24°C.  Samples  were  analyzed  using  flow 
cytometry  within  I  hour  of  preparation  for  maximal  signal.  Results  were  analyzed  on  the  FACS 
Caliber  flow  cytometer  as  described  for  the  TUNEL  assay.  Threshold  levels  for  annexin  positive 
and  PI  positive  staining  were  determined  from  staining  of  the  control  cells  and  are  indicated  by 
the  vertical  and  horizontal  lines,  respectively,  on  the  plot  of  flow  cytometry  results.  Cells  were 

considered  annexin  or  PI  positive  if  the  fluorescence  intensity  for  the  marker  exceed  the  preset 
threshold  determined  from  control  cells. 

Data  analysis 

All  data  presented  are  expressed  as  the  mean  ±  the  standard  error  of  the  mean  of  n 
independent  determinations.  Every  independent  determination  was  a  unique  culture  dish  exposed 
to  shear  and/or  pharmacological  agent  for  the  specified  amount  of  time.  The  value  of  n  for  each 
data  set  is  reported  in  the  figure  captions.  To  determine  whether  two  sets  of  data  were 
significantly  different,  the  student’s  t  test  with  unequal  variance  was  used.  For  comparison  of 
multiple  data  set  relative  to  each  other,  Duncan’s  test  for  multiple  comparison  was  performed 


using  SAS  Statistical  Package  (Cary,  NC).  Unless  otherwise  noted  a  criteria  of  p<0.05  was 
employed  to  determine  whether  the  two  sets  of  data  were  different. 

Results 

We  have  previously  reported  that  shear  stress  application  to  differentiated  SH-SY5Y  cells 
led  to  DNA  fragmentation  that  was  accompanied  by  increased  G  protein  and  nitric  oxide 
synthase  activity.30  Pertussis  toxin,  an  inhibitor  of  G^,,  attenuated  both  shear  stress  induced 
DNA  fragmentation  and  NO  production,  indicating  a  relationship  between  G  protein  activation 
and  NO  production.  In  the  current  work,  we  examine  more  closely  the  role  of  NO  and  Ca2+  in 
shear  stress  induced  DNA  fragmentation. 

As  seen  m  Figure  1,  DNA  fragmentation  in  cells  (Figure  1  A),  induced  either  through  shear 
stress  application  or  addition  of  sodium  nitroprusside  (SNP)  into  the  culture  medium,  is 
correlated  with  elevated  NO  levels  measured  in  the  culture  medium  (Figure  IB).  The  percentage 
of  cells  with  fragmented  DNA  after  shear  stress  application  (45±4%)  and  after  SNP  addition 
(36±14%)  was  significantly  greater  than  that  observed  in  untreated  cells  (1.9±1.0%)  (p<0.05). 
Addition  of  L-NAME,  a  NO  synthase  inhibitor,  to  cells  prior  to  shear  stress  application  led  to  a 
significant  reduction  in  the  percentage  of  cells  undergoing  DNA  fragmentation  (7.3±0.4%)  relative 
to  sheared  cells  untreated  with  the  inhibitor  (p<0.05).  NO  levels  measured  in  the  culture  medium 
of  cells  that  were  exposed  to  shear  stress  or  SNP  were  significantly  greater  than  NO  levels 
measured  in  the  culture  medium  of  untreated  cells  (p<0.03),  while  the  difference  between  NO 
levels  of  control  cells  and  cells  exposed  to  shear  stress  in  the  presence  of  L-NAME  was  not 
significant  (p>0.1). 
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Free  radicals  are  known  to  react  with  NO  to  form  peroxynitrites,  which  ate  harmful  to 
cells. ,s  To  examine  the  role  of  free  radical  generation  in  the  mechanism  of  shear  induced  cell 
minty,  we  tested  the  ability  of  two  antioxidants  to  protect  cells  from  shear  stress  induced  DNA 
fragmentation  and  injury  (Figures  2  and  3).  Vitamin  E  (tocopherol)  and  vitamin  C  (ascorbic  acid) 
both  significantly  reduced  the  fraction  of  cells  with  DNA  fragmentation  relative  to  untreated 
sheared  cells  (p<0.002)  without  significantly  reducing  the  NO  level  measured  in  the  medium  after 
shear  stress  application  (p>0.7)  (Figure  2).  As  seen  in  Figure  3,  representative  flow  cytometry 
results  from  an  Annexin  assay,  cells  that  were  untreated  (no  shear,  no  antioxidants)  did  not 
uptake  propidium  iodide  nor  stain  significantly  with  annexin  indicating  cell  membranes  were  not 
permeable  and  did  not  express  phosphatidylserine  on  the  outer  surface,  respectively.  Cells 
sheared  without  pretreatment  with  an  antioxidant  stained  positively  for  annexin,  but  did  not 
uptake  propidium  iodide  indicating  that  membranes  were  not  peimeable  but  did  express 
phosphatidylserine  on  their  outer  surface.  The  combination  of  no  membrane  permeability  and 
phosphatidylserine  on  the  membrane  outer  surface  is  typically  seen  in  early  apoptosis."  Cells 
sheared  in  the  presence  of  vitamin  E  did  not  uptake  prepidium  iodide  and  did  not  stain  with 

annexin.  Similar  results  were  obtained  when  cells  are  sheared  in  the  presence  of  vitamin  C  (data 
not  shown). 

o  protein  activation  can  lead  to  increased  intracellular  calcium  concentration,  a  known 
mediator  of  apoptosis  in  neurons,”  through  phospholipase  C  (PLC)  activation,  inositol 
triphosphate  production,  and  Ca*  release  from  stores.  To  examine  the  role  of  the  inositol 
phospholipid  pathway  in  shear  stress  induced  cell  injury,  we  blocked  PLC  activation  and  Ca2* 
release  from  stores  using  dexamethasone  and  ryanodine,  respectively.  As  seen  in  Figure  4A, 
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incubating  cells  with  dexamethasone  and  ryanodine  significantly  reduced  the  extent  of  shear  stress 
induced  cell  injury  (p<0.0001).  As  expected,  neither  compound  significantly  altered  NO 
production  by  sheared  cells  (p>0.8)  (Figure  4B).  Thapsigargin,  which  affects  IP3  mediated  Ca2+ 
release  from  the  endoplasmic  reticulum,  did  not  protect  cells  from  shear  stress  induced  injury 
(data  not  shown). 

The  protective  effects  of  blocking  calcium  entry  into  the  cell  are  shown  in  Figure  5A. 
Shear  stress  induced  DNA  fragmentation  was  significantly  reduced  in  the  presence  of  AP-5 
(p<0.0001), s*1  NMDA  channel  antagonist,  but  not  significantly  altered  in  the  presence  of  oo- 
conotoxin,  an  L-type  voltage  gated  calcium  channel  blocker,  nifedipine,  an  N-type  channel 
blocker,  or  NBQX,  an  AMPA  channel  antagonist  (p>0.1).  EGTA,  an  extracellular  calcium 
chelator,  was  somewhat  protective  against  shear  stress  induced  DNA  fragmentation  (3 1+4  % 
compared  to  45±4%  for  controls,  p=0.06).  The  effect  of  calcium  channel  blockers  on  shear  stress 
induced  NO  production  can  be  seen  in  Figure  5B.  In  contrast  to  what  was  observed  for 
modulators  of  the  inositol  phospholipid  pathway,  several  agents  that  reduced  calcium  entry  into 
cells  (AP-5,  co-conotoxin,  and  EGTA)  significantly  reduced  the  level  of  NO  measured  in  the 
medium  after  shear  stress  application  (p<0.02). 

Discussion 

i 

Stress  and  strain,  when  applied  to  cells  of  the  nervous  system,  are  associated  with 
neurodegeneration  as  occurs  during  traumatic  head  injury  and  glaucoma.  Traumatic  head  injury 
results  in  the  generation  of  regions  of  high  shear  stress  and  strain  in  the  cortex.  Areas  of  high 
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shear  stress  correspond  to  areas  in  the  cortex  where  injury  is  observed."  Apoptosis  has  been 

observed  in  experimental  head  injuty  models  as  well  as  in  postmortem  studies  of  head  injury 
victims. 11,22,27 


During  glaucoma,  elevated  intraocular  pressure,  associated  with  vision  loss,  leads  to  the 
compression  and  displacement  of  the  optic  nerve  head.36  Cell  injury  is  greatest  at  the  optic  nerve 
head  in  regions  predicted  to  have  the  highest  levels  of  shear  stress  and  strain.3  Apoptosis  has 
been  observed  in  retinal  ganglion  cells  during  experimental  glaucoma.23 

We  have  shown  that  shear  stress-induced  strain  applied  to  differentiated  human 
neuroblastoma  cells,  SH-SY5Y,  leads  to  cell  injury  characteristic  of  apoptosis,  consistent  with  /„ 
vivo  findings.  We  now  endeavor  to  use  the  same  in  vitro  model  to  examine  the  mechanism  of 
shear  stress  and  strain  induced  apoptosis.  These  findings  may  help  in  elucidating  the  role  of 

different  cell  populations  (such  as  neuronal  or  endothelial  cells)  in  pathology  associated  with 
mechanical  injury  to  the  nervous  system. 


There  is  ample  evidence  of  the  importance  of  NO  and  calcium  in  head  injuty  and 
glaucoma.  Within  seconds  after  traumatic  head  injury,  extracellular  calcium 

concentrations  have  been  observed  to  decrease  100  fold,  indicating  a  dramatic  rise  in  intracellular 
calcium.*'’  The  region  of  decreased  extracellular  calcium  (and  associated  increased  intracellular 


calcium)  includes  the  region  of  high  shear  stress  generated  by  the  injury.20  Blockade  of  specific 
calcium  channels,  particularly  N-type  and  NMDA  receptor  channels,  has  been  shown  to  be 
neuroprotective  in  experimental  traumatic  brain  injury.35 

Nitric  oxide  has  also  been  implicated  in  the  pathophysiology  of  traumatic  brain  injury. 
As  early  as  5  minutes  after  injury,  constitutive  NO  synthase  (NOS)  activity,  localized  to 
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neurons,  is  elevated  in  some  experimental  injury  models.32  Specific  inhibition  of  neuronal  NOS 
has  been  shown  to  reduce  the  injury  volume.  At  6  hours  after  injury,  tissue  NO  levels  are 
significantly  elevated  in  the  cerebral  cortex  and  brain  stem  in  a  diffuse  injury  model 28  At  30  to 
42  hours  after  injury,  nitrite  and  nitrate  levels,  reaction  products  of  NO,  are  elevated  in  cerebral 
spinal  fluid  (CSF)  in  human  victims  of  traumatic  brain  injury.6  Death  after  injury  is  positively 
correlated  with  significant  CSF  increases  in  nitrite/nitrate  levels.  At  3  days  after  experimental 
injury,  inducible  NOS  activity,  localized  to  astrocytes,  is  significantly  elevated.33  It  appears  that 
NO  plays  a  role  in  both  primary  and  secondary  phases  of  head  injury. 

During  glaucoma,  elevated  NO  levels  in  the  aqueous  humor  of  patients  have  been 
reported.5  Upregulation  of  NOS  in  astrocytes  in  the  vicinity  of  the  lamina  cribrosa  has  been 
observed,  along  with  evidence  of  NO  toxicity.18  In  addition,  there  is  a  variety  of  evidence  that 
glutamate  excitotoxicity,  which  affects  calcium  homeostasis,  plays  a  role  in  glaucoma  26 

Based  on  studies  in  vivo,  it  is  clear  that  in  both  head  injury  and  glaucoma,  NO  and  calcium 
play  a  role  in  neurodegeneration  associated  with  injury  or  disease,  however,  the  mechanism  by 
which  these  signaling  molecules  lead  to  pathology  has  not  been  elucidated.  Through  the  use  of  in 
vitro  models  in  which  neurons  and  neuron-like  cells  are  exposed  to  shear  stress  and  strain 
analogous  to  that  occurring  during  injury  or  disease,  a  simplified  experimental  system  is  available 
that  provides  a  vehicle  with  which  to  examine  the  mechanism  of  injury  and  to  screen  agents  for 
the  treatment  of  neurodegeneration  associated  with  shear  stress  and  strain. 

In  other  in  vitro  models  of  shear  stress  and  strain  induced  injury  to  neurons,  astrocytes, 
and  neuron-like  cells,  the  role  of  calcium  in  injury  has  been  implicated.  After  acute  shear  stress  or 
stretch  induced  injury,  an  increase  in  intracellular  Ca2+  has  been  observed.'334'25  Elevated  calcium 


currents  through  the  NMDA  channel  contributed  to  the  rise  in  intracellular  calcium . 13,38  In 

addition,  phospholipase  activation,  free  radical  formation  and  mitochondria  damage  have  also 
been  observed.24,34 

We  have  shown  that  differentiated  SH-S  Y5  Y  cells,  a  human  neuroblastoma  cell  line, 
respond  to  shear  stress  via  increases  in  nitric  oxide  level  accompanied  with  DNA  fragmentation. 
We  have  evidence  that  pertussis  toxin  sensitive  G  protein  activation  is  an  early  step  in  the 
mechanism  of  shear  stress  induced  injury  (unpublished  results).  Other  investigators  have 
discovered  that  G  protein  activation  is  a  common  early  event  in  the  apoptotic  pathway.16  G 
protem  activation  can  lead  to  a  cascade  of  intracellular  reactions  including  phospholipase  C 
activation  and  NO  synthase  activation.  We  were  interested  in  establishing  the  importance  of 
these  G  protein  mediated  pathways  in  shear  stress  induced  DNA  fragmentation  and  cell  injury. 

Inhibition  of  NO  synthase  using  L-NAME  attenuated  shear  stress  induced  DNA 
fragmentation.30  This  result  suggested  that  high  levels  of  nitric  oxide  induce  cell  injury.  To 
confirm  that  elevated  NO  could  lead  to  DNA  fragmentation  in  differentiated  SH-SY5Y  cells, 
SNP,  a  nitric  oxide  donor,  was  added  to  SH-SY5Y  cells  that  were  not  subjected  to  shear  stress. 
As  seen  in  Figure  1,  SNP  induced  a  comparable  level  of  DNA  fragmentation  as  untreated  sheared 
cell,  36114  versus  4514%,  respectively.  In  unrelated  studies,  nitric  oxide  has  been  shown  to 
induce  apoptosis  in  cerebellar  granule  cultures.15  It  should  be  noted  that  upon  treatment  with 
SNP,  cells  were  subjected  to  much  higher  levels  of  NO  extracellularly  than  was  measured  in  the 
culture  medium  from  sheared  cells.  During  shear  stress  induced  cell  injury,  local  NO  levels  may 
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be  much  higher  than  the  levels  measured  in  the  culture  medium,  or,  more  likely,  NO  production  is 
just  one  of  the  many  affects  of  shear  stress  on  SH-SY5Y  cells  that  leads  to  cell  death. 

It  is  known  that  oxidative  stress  can  induce  apoptosis  by  generation  of  peroxynitrite 
resulting  from  reaction  between  free  radical  or  reactive  oxidative  species  with  NO.10  We  show 
that  the  antioxidants  vitamin  E  and  vitamin  C  protect  cells  from  shear  stress-induced  DNA 
fragmentation  (Figure  2A),  and  prevent  phosphatidyl  serine  expression  on  the  cell  outer 
membrane  surface  (Figure  3),  two  markers  of  apoptosis.  Figure  2B  shows  that  the  mechanism  by 
which  vitamin  E  and  vitamin  C  lower  DNA  fragmentation  is  independent  of  nitric  oxide 
formation.  We  conclude  that  shear  stress  leads  to  oxidative  stress  in  differentiated  SH-SY5Y 
cells.  These  findings  are  consistent  with  other  reports  that  antioxidants  are  neuroprotective 
during  apoptosis  induced  by  oxidative  stress.8,12 

The  level  of  shear  stress-induced  DNA  fragmentation  was  lowered  in  the  presence  of 
dexamethasone,  a  nonspecific  phospholipase  C  (PLC)  inhibitor,  suggesting  that  PLC  activation 
participates  in  the  apoptotic  mechanism  (Figure  4).  This  is  consistent  with  findings  by  Wei  and 
coworkers  who  reported  elevated  phospholipase  C  activity  during  experimental  head  injury.34 
Phospholipase  C  causes  the  breakdown  of  phosphatidylinositol  triphosphate  into  inositol 
triphosphate  (IP3)  and  diacylglycerol.  IP3  induces  the  release  of  calcium  from  intracellular  stores. 
Thapsigargin,  which  acts  on  the  IP3  sensitive  calcium  stores,  did  not  prevent  shear  stress  induced 
apoptosis  (data  not  shown),  however,  ryanodine,  which  inhibits  release  from  calcium  sensitive 
intracellular  stores,  significantly  attenuated  shear  stress  induced  cell  injury  (Figure  4).  Ryanodine 
and  dexamethasone  had  no  effect  on  shear  stress-induced  NO  production,  indicating  the 
protective  effects  of  these  agents  were  independent  of  an  NO  pathway. 


In  a  number  of  experimental  brain  injury  models,  elevated  intracellular  calcium 
concentrations  are  seen  in  injured  neurons  and  glia.  Loss  of  calcium  homeostasis  has 

been  repeatedly  linked  to  neuronal  apoptosis.  We  investigated  the  source  of  calcium  entry  into 
cells  that  led  to  shear  stress-induced  DMA  fragmentation  and  the  source  of  calcium  entiy  that 
modulated  NO  production.  Only  AP-5  and  EOTA  significantly  reduced  shear  stress-induced 
DNA  fragmentation  (Figure  5A)  while  most  calcium  channel  antagonists  tested  inhibited  shea, 
stress-induced  NO  production  (Figure  SB).  Our  results  suggest  that  calcium  entiy  through 
NMDA  channels  is  involved  in  shear  stress-induced  DNA  fragmentation  while  calcium  entry 
through  a  number  of  voltage  and  ligand  gated  calcium  channels  modulated  NOS  activity. 
Glutamate  release  and  extracellular  glutamate  accumulation  are  known  to  accompany  traumatic 
head  mjury21'3'  and  glutamate  receptor  antagonists,  particularly  NMDA  receptor  antagonists, 
have  been  effective  at  preventing  injury  in  in  vivo  models.'  In  an  in  vitro  model  similar  to  ours, 
blocking  the  NMDA  receptor  channel  prevented  both  the  intracellular  calcium  concentration 
mcrease  and  lactate  dehydrogenase  release  that  accompanied  high  strain  rate  injury.13  Thus,  the 
protective  effect  of  AP-5,  an  NMDA  receptor  antagonist,  in  shear  stress-induced  DNA 
fragmentation,  is  consistent  with  the  observed  role  of  glutamate  in  head  injury.  In  addition, 
increases  in  NO  production  seen  in  shear  stress-induced  cell  injury  may  be  related  to  glutamate 
toxicity  as  NOS  inhibitors  have  been  shown  to  be  effective  at  preventing  glutamate  toxicity.' 

We  postulate  that  the  shear  stress  leads  to  neuron-like  cell  injmy  via  the  mechanism 
depicted  in  Figure  6.  Shear  stress  leads  to  pertussis  toxin  sensitive  O  protein  activation,  which 
then  leads  to  activation  of  NOS  and  phospholipase  C.  NO  produced  reacts  with  other  oxidative 
species  in  the  cell  to  yield  reactive  species  which  lead  to  DNA  fragmentation.  Calcium  enters  the 


cell  through  both  voltage  and  glutamate  gated  ion  channels.  Elevated  intracellular  calcium 
concentrations  further  modulate  NOS  activity  and  may  also  lead  to  calcium  induced  calcium 
release  from  intracellular  stores.  Calcium  entiy  through  NMDA  receptor  gated  channels  and 
release  from  tyanodine  sensitive  stores  result  in  DNA  fragmentation. 

The  development  of  in  vitro  models  of  injury  which  capture  the  salient  features  of  the 

injury  m  vivo  null  be  important  in  both  the  elucidation  of  the  mechanism  and  the  development 

and  screening  of  new  drugs  to  heat  injury  or  disease  in  which  neurons  and  neuron-like  cells  are 

exposed  to  shear  sfress  and  strain.  We  believe  this  work  contributes  to  the  development  of  an  i, 

vitro  model  of  shear  stress-induced  cell  injury  and  demonstrates  the  importance  of  both  NO  and 
calcium  in  cell  injuiy. 
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Table  1.  Pharmacological  Agents  Used 


Agent 

(abbreviation) 


Concentration  Incubation 
Time  (hours) 


D-(-)-2-amino-5-  50  pM  0 

phosphonovaleric  acid 

(AP-5) 

Ascorbic  Acid  3  mM  0.025 

(Vit  C) 

Dexamethasone  1  pM  16 

(Dex) 

Ethylene  x  gIycol-bis(beta-  1  mM  1.5 

aminoethyl  ether)-N, 

N,N',N'-tetraacetic  acid 
(EGTA) 

L  N^-nitro-L-argi  nine-  l  mM  1.5 

methyl  ester 

(L-NAME) 

l,2,3,4-tetrahydro-6-nitro-  10  pM  0 

2,3-dioxo- 

benzo(f)quinoxaline-7- 
sulfonamide  (NBQX) 

Nifedipine  1  pM  0.25 

Ryanodine  200pM  0.25 

Sodium  Nitroprusside  10  mM  5 

(SNP) 

Thapsigargin  25nM  0  25 

(TG) 

Tocopherol  1  mM  1 5 

(VitE) 

co-Conotoxin  0.4  pM  0 
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Figure  Legends 


igure  la.  NO  induced  DNA  fragmentation.  Cells  were  exposed  to  no  shear,  no  shear  but  in  the 
presence  of  SNP,  shear  stress  in  the  absence  of  any  inhibitors  or  additives,  and  shear  stress  in  the 
presence  ofL-NAME.  The  percentage  of  cells  with  fragmented  DNA  was  measured  immediately 
after  shear  stress  application  or,  in  the  case  of  no  shear,  5  hours  after  SNP  addition  to  the  culture 
medium.  Data  are  presented  as  the  mean  ±  the  standard  error  of  the  mean  of  n  independent 
determinations,  where  the  error  bars  represent  the  standard  error  of  the  mean,  n  equals  9  for 
unsheared  untreated  control,  3  for  unsheared  treated  with  SNP,  7  for  sheared  cells  without 

inhibitor,  and  5  for  sheared  cells  treated  with  L-NAME.  **  refers  to  the  significance  of  the  result 
relative  to  unsheared  untreated  control  cells  (p<0.001). 


Figure  lb.  NO  level  in  the  presence  and  absence  of  NO  inhibitors.  NO  concentrations  reported 
were  obtained  from  nitrite  concentrations  measured  in  the  culture  medium  immediately  after  shear 
stress  application  or  immediately  after  SNP  addition  to  the  culture  medium,  n  equals  1 1  for 
unsheared  untreated  control,  3  for  unsheared  treated  with  SNP,  12  for  sheared  cells  without 
inhibitor,  and  5  for  sheared  cells  treated  with  L-NAME.  ***  and  *  refer  to  the  significance  of  the 
result  relative  to  unsheared  untreated  control  cells  (p<0.0001  and  p<0.05,  respectively). 

Figure  2a.  Effect  of  antioxidants  on  shear  stress  induced  DNA  fragmentation.  Cells  were  either 
untreated  (None),  preincubated  with  vitamin  E  (Vit  E)  or  preincubated  with  vitamin  C  (V it  C) 
Solid  bars  represent  cells  exposed  to  shear  stress.  Hatched  bars  represent  cells  treated  identically 
except  for  the  application  of  shear  stress.  The  percentage  of  cells  with  fragmented  DNA  was 
measured  immediately  after  shear  stress  application,  n  equals  9  for  unsheared  untreated  control 
9  for  sheared  cells  without  inhibitor,  and  3  for  all  others.  **  refers  to  the  significance  of  the  result 
relative  to  sheared  untreated  control  cells  (p<0.001). 

Figure  2b.  Effect  of  antioxidants  on  shear  stress  induced  NO  accumulation  in  culture  medium. 
NO  concentrations  reported  were  obtained  from  nitrite  concentrations  measured  in  the  culture 
medium  immediately  after  shear  stress  application,  n  equals  1 1  for  unsheared  untreated  control 
1 2  tor  sheared  untreated  control,  and  3  for  all  others. 

Figure  3.  Representative  flow  cytometry  results  of  assay  for  phosphatidylserine  on  cell 
surface.  X  axis  represents  fluorescence  intensity  of  fluorescein  labeled  annexin  and  indicates  the 
relative  amount  of  phosphatidylserine  in  the  membrane  available  for  binding.  Y  axis  represents 
fluorescence  intensity  of  propidium  iodine  and  indicates  the  relative  permeability  of  the 

membrane,  (a)  unsheared  control  cells,  (b)  sheared  cells  untreated  with  an  antioxidant,  (c)  sheared 
cells  treated  with  vitamin  E. 
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Figure  4a.  Effect  of  inhibitors  of  the  inositol  phospholipid  pathway  on  shear  stress  induced 
DNA  fragmentation.  Solid  bars  represent  cells  exposed  to  shear  stress.  Hatched  bars  represent 
cells  treated  identically  except  for  the  application  of  shear  stress,  n  equals  9  for  unsheared 
untreated  control,  7  for  sheared  untreated  control,  and  3-4  for  all  others.  *  refers  to  the 
significance  of  the  result  relative  to  untreated  sheared  control  cells  (p<0.05). 

Figure  4b.  Effect  of  inhibitors  of  the  inositol  phospholipid  pathway  on  shear  stress  induced 
NO  accumulation  in  culture  medium,  n  equals  1 1  for  unsheared  untreated  control,  12  for  sheared 
untreated  control,  and  3-4  for  all  others 

Figure  5a.  Effect  of  inhibition  of  calcium  entry  from  extracellular  space  on  shear  stress-induced 
DNA  fragmentation,  n  equals  9  for  unsheared  untreated  control,  7  for  sheared  untreated  control, 
and  3-4  for  all  others.  ***  and  *  refer  to  the  significance  of  the  result  relative  to  untreated 
sheared  control  cells  (p<0.0001  andp<0.06,  respectively). 

Figure  5b.  Effect  of  inhibition  of  calcium  entry  from  extracellular  space  on  shear  stress-induced 
NO  accumulation  in  culture  medium,  n  equals  1 1  for  unsheared  untreated  control,  12  for  sheared 
untreated  control,  and  3-4  for  all  others.  *  refers  to  the  significance  of  the  result  relative  to 
untreated  sheared  control  cells  (p<0.05). 

Figure  6.  Proposed  mechanism  of  the  role  of  nitric  oxide  and  calcium  in  shear  stress-induced 
DNA  fragmentation. 


%  of 


%  of  DNA  Fragmentation 


NO  Level  (nm)  %  DNA  Fragmentation 


NO  level  (nm)  %  of  DNA  Fragmentation 


Shear  and  strain 


Ca2+ 


Ca2+ 


NO  +  Free  radicals 

I 

peroxynitrite 


(Apoptosis) 


No.  38 

Texas  Engineering/Good 

To:  Lydia  Pearson,  Contracts  Administrator 

From:  Theresa  Good 
(979)  845-3413  (phone) 

(979)  854-6446  (fax) 
tgood@tamu.edu 

Subject:  Final  Progress  Report,  Year  1 
Cooperative  Agreement  #  DAMD 17-97-2-70 16 
Subagreement  #027 -FY  9  8  -TEES  -GOOD 
In  Vitro  Model  of  Mechanical  Force  Induced  Neurodegeneration 

Date:  May  10,  2000 

Period  of  Report:  4/1/99-4/1/00 


1 


Introduction 

Head  injury  occurs  at  an  incidence  of  about  200/100,000  population  (1).  In  1992,  over  5000 
individuals  in  the  US  military  system  were  treated  for  head  injuries  with  a  cost  of  about  $43  million 
(2).  Life  long  costs  of  support  services,  lost  wages,  and  continued  medical  treatment  can  easily 
exceed  $1,000,000  per  person  (3).  We  proposed  to  develop  an  in  vitro  model  of  mechanical  force 
induced  neurodegeneration  which  could  be  used  to  examine  the  mechanism  of  neurodegeneration 
associated  with  head  injury  and  screen  drugs  for  the  treatment  of  head  injury.  The  development  of 
an  early  intervention  or  treatment  after  injury,  which  would  result  in  the  reduction  of  neurological 
deficits,  could  present  a  great  savings  both  to  the  military  and  the  population  at  large. 


Summary  of  Project  Objectives  for  Year  1  (4/99-4/00): 

We  had  proposed:  I)  to  develop  an  in  vitro  model  of  mechanical  force  induced 
neurodegeneration  which  is  appropriate  for  the  use  in  studying  traumatic  head  injury.  We 
proposed  to  modify  an  existing  shear  stress  apparatus  and  examine  the  relationship  between  shear  " 
stress,  strain,  strain  rate  and  cellular  injury.  We  also  proposed  to  design,  construct,  and  test  a  novel 
apparatus  which  would  apply  a  controlled  strain  to  cells  without  the  application  of  fluid  shear  stress. 
2)  to  begin  to  investigate  the  mechanism  of  shear  and/or  strain  induced  neuronal  apoptosis  and 
identify  inhibitors  of  mechanical  force  induced  apoptosis.  We  proposed  to  use  a  variety  of 
pharmacological  agents  to  examine  the  role  of  calcium,  glutamate,  and  nitric  oxide  in  strain  induced 
cell  injury.  We  proposed  to  examine  the  effects  of  strain  on  protein  synthesis  and  cytoskeletal 
rearrangements.  We  also  proposed  to  examine  the  ability  of  compounds  to  attenuate  injury, 
especially  when  delivered  after  the  injury  as  such  compounds  would  have  greater  clinical  relevance. 

Progress  Towards  Specific  Aims  of  NMTB  Project  Awarded  4/99: 

We  have  made  substantial  progress  towards  achieving  a  number  of  the  aims  of  the  project. 

Towards  completion  of  specific  aim  1,  we  have  examined  the  stress-strain  relationship  in  a 
differentiated  neuroblastoma  cell  line  (SH-SY5Y)  using  a  modified  cone  and  plate  viscometer  and 
begun  to  relate  strain  and  strain  rate  to  cellular  injury  using  the  device.  Understanding  and 
controlling  the  strain  and  strain  rate  of  cells  in  the  in  vitro  model  developed  will  be  essential  if  the 
model  is  to  be  useful  in  examining  the  mechanism  of  and  finding  new  treatments  for  traumatic 
injury.  In  the  current  apparatus  (Figure  1),  a  uniform  shear  field  is  generated  in  a  culture  dish  via 
rotation  of  a  precision  machined  cone  above  a  cell  monolayer.  Tissue  culture  medium  filled  the 
space  between  the  cone  and  cell  layer.  Viscous  flow  of  the  tissue  culture  medium  generated  the 
shear  stress  on  the  surface  of  the  cells. 


Figure  1.  Controlled  Shear  Apparatus.  The  design  is  a  modification  of  a  standard  cone  and  plate 
viscometer.  The  bottom  plate  is  a  polystyrene  tissue  culture  dish  upon  which  an  adherent  cell  layer 
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is  grown.  The  cone  is  made  of  stainless  steal  and  has  an  angle  of  5  degrees  from  the  bottom  plate. 
Culture  medium  fills  the  space  between  the  cone  and  plate.  The  rate  of  rotation  of  the  cone  is 
controlled  via  a  precision  motor  controller.  The  tip  of  the  cone  touches  the  plate  and  displaces 
approximately  1  %  of  the  cells  in  the  plate. 

Strain,  rather  than  shear  stress,  may  be  the  more  significant  determinant  of  cell  injury.  Based  on 
mathematical  models  of  traumatic  brain  injury,  shear  stresses  in  cortical  tissue  are  estimated  to  be 
on  the  order  of  105  dynes/cm2.  Cell  strains,  on  the  other  hand,  are  estimated  to  be  closer  to  10%  of 
the  original  cell  size.  We  therefore  measured,  using  fluorescence  video  microscopy,  the  cell  strain 
resulting  from  shear  stress  applied  in  our  device.  We  found  that  the  shear  stress  resulted  in  a 
controlled  and  reproducible  strain  being  applied  to  cells.  We  were  then  able  to  manipulate  the  strain 
applied  to  cells  via  a  relatively  simple  device.  The  relationship  between  shear  stress  and  observed 
cell  strain  can  be  seen  in  Figure  2. 


*  5  dvnes/cm2 

'  ■*' '  15 dvnes/cm2 
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Figure  2  (right).  Cell  strain  as  a  function  of  time  at  different  shear  stress  levels.  Experiments  were 
performed  in  differentiated  human  neuroblastoma  (SH-SY5Y)  cells.  Strain  was  measured  by 
staining  cells  with  a  fluorescent  dye  (MC540)  which  preferentially  binds  to  membranes.  The  cells 
were  imaged  on  a  Zeiss  Axovert  135  fluorescent  microscope.  The  cone  and  plate  viscometer  was 
mounted  above  the  stage  of  the  microscope  and  images  of  the  cells  were  captured  automatically 
during  application  of  shear  stress.  The  maximum  strain  observed  for  a  given  shear  stress  occurred 
within  the  first  10  minutes  of  shear  stress  application.  After  shear  stress  is  stopped,  cells  return  to 
original  unstrained  dimensions  within  2  minutes.  *  indicates  that  strains  are  significantly  different 
p<0.05,  n=4  for  each  point,  error  bars  represent  standard  error  of  the  mean. 

Figure  3  (left).  Strain  memory  for  first  and  nth  shear  stress  cycle.  Cell  were  exposed  to  15 
dyn/cm2  shear  stress  cyclically.  Cell  strain  was  measured  as  a  function  of  time  for  each  cycle. 
Circles  indicate  cell  strain  during  first  cycle.  Squares  indicate  strain  during  all  other  cycles.  Data 
represent  mean  ±  S.E.M.  for  n  >  4  cells. 


3 


We  observed  that  cells  returned  to  close  to  their  original  dimension  upon  termination  of  shear  stress. 
The  return  to  original  dimension  occurred  within  the  two  minute  ’’off'  period  of  the  shear  stress 
apparatus.  During  the  first  application  of  shear  stress  to  cells,  maximum  cell  strain  was  observed 
after  10  minutes  of  shear  stress  application.  However,  as  seen  in  Figure  3,  during  subsequent  shear 
stress  application,  maximum  strain  was  observed  within  the  first  minute  of  shear  stress  application. 
The  viscoelastic  behavior  of  the  cell  observed  in  Figure  3  resemble  the  viscoelastic  behavior  of  a 
polymer.  The  retardation  time  of  the  polymer  would  describe  the  relationship  between  strain  and 
time  seen  in  Figure  2.  The  reduction  in  retardation  time  from  the  first  cycle  to  the  nth  cycle,  seen  in 
Figure  3,  is  characteristic  of  an  increase  in  the  fluid  nature  of  the  polymer,  possibly  due  to  a  loss  in 
crosslinking  or  orientation  of  the  polymer  (cytoskeleton?)  network  within  the  cell. 

In  order  to  test  the  hypothesis  that  shear  stress  leads  to  changes  in  the  cell  cytoskeleton,  we 
performed  experiments  in  which  we  examined  the  degree  of  tubulin  polymerization  before  and  after 
application  of  shear  stress.  As  seen  in  Figure  4,  about  half  of  the  polymerized  tubulin  within  the 
cell  was  lost  after  application  of  shear  stress. 


Figure  4.  Extent  of  tubulin  polymerization  before  and  after  cyclic  shear  stress.  (A)  Immunoblot  of 
polymerized  tubulin  from  sheared  cells  (lane  1),  polymerized  tubulin  from  control  cells  (lane  2), 
total  tubulin  from  control  cells  (lane  3),  and  total  tubulin  from  sheared  cells  (lane  4).  (B)  Fraction 
of  polymerized  tubulin  relative  to  total  tubulin  in  control  and  sheared  cells  as  estimated  from 
densitometry  of  immunoblots. 

We  found  that  cyclic  injury  was  significantly  more  damaging  to  cells  than  steady  injury  of  the  same 
magnitude  and  duration.  Using  differentiated  SH-SY5Y  cells,  we  have  shown  that  46±8%  of  cells 
exposed  to  90  minutes  of  cyclic  shear  stress  (6  cycles)  have  fragmented  DNA  indicative  of 
apoptosis  immediately  after  shear  stress  application.  Only  18±5  %  of  cells  exposed  to  constant 
shear  stress  (1  cycle)  had  fragmented  DNA.  Less  that  2%  of  unsheared  control  cells  had  similar 
evidence  of  DNA  fragmentation  and  apoptosis.  Cell  survival  decreased  as  the  number  of  cycles  of 
applied  stress/strain  was  increased.  Thus,  not  only  is  stress,  strain,  and  strain  rate  important  to 
consider  in  cell  injury,  but  also  the  periodicity  of  the  injury  may  be  very  important.  This  could  have 
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implications,  not  only  for  head  injury,  but  also  for  repetitive  trauma  to  the  peripheral  nervous 
system. 

We  have  modified  the  proposed  design  of  a  strain  apparatus  which  could  be  used  to  deform  cells  at 
a  controlled  strain  rate.  The  device,  depicted  in  Figure  5,  consists  of  Flexcell  elastic  culture  dishes 
which  are  deformed  using  a  high  performance  vacuum  pump.  The  extent  and  rate  of  deformation  of 
the  elastic  substrate  are  controlled  by  a  pressure  transducer/controller,  and  software  from  the  control 
manufacturer.  The  components  of  the  system  have  been  purchased  and  a  prototype  has  been 
assembled.  We  are  beginning  to  test  the  system  performance,  both  in  terms  of  ability  to  culture 
cells  on  the  elastic  culture  dish,  which  is  somewhat  problematic,  and  measuring  strain  rate  obtained 
in  the  device. 


Figure  5.  Strain  Apparatus.  A  vacuum  pump  is  used  to  deform  the  bottom  surface  of  elastic  culture 
dishes  (as  seen  in  detail  of  one  well).  Annular  region  is  deformed,  creating  a  surface  inside  the 
annular  region  where  cells  are  exposed  to  uniform  biaxial  strain.  By  controlling  rate  of  evacuation 
of  gases  in  the  volume  beneath  the  culture  surface  (pressure),  the  rate  of  strain  can  be  controlled.  A 
control  loop  will  be  set  up  using  a  pressure  controller,  control  valves  (to  vacuum  and  to 
atmosphere),  and  control  software  provided  by  the  manufacturer. 

We  have  compared  the  mechanism  of  cell  injury  in  the  shear  stress  apparatus  and  the  cell  strain 
apparatus.  Differentiated  SH-SY5Y  cells,  a  human  neuroblastoma  cell  line,  were  used  in  both 
devices.  In  both  devices,  significant  DNA  fragmentation,  indicative  of  cell  injury  was  observed, 
however  the  characteristics  of  injury  were  different  in  the  two  models. 

In  both  devices,  the  final  cell  strain  was  between  7  and  14%.  Strain  in  the  equibiaxial  strain 
apparatus  was  slightly  higher  than  that  in  the  shear  stress  apparatus  during  preliminary  experiments. 
As  seen  in  Figure  6,  mechanical  loading  in  both  devices  (via  shear  stress  or  stretching  of  the 
underlying  matrix)  resulted  in  a  significant  fraction  of  cells  with  fragmented  DNA  relative  to  that  of 
undeformed  controls  (p<0.05).  The  same  level  of  DNA  fragmentation  is  observed  immediately 
after  strain  application,  14±5.3%  for  stretched  cells  versus  14±0.2%  for  sheared  cells.  20  hours 
after  cell  deformation,  greater  numbers  of  cells  with  fragmented  DNA  were  detected  relative  to  the 
numbers  of  cells  detected  immediately  after  injury  when  cells  were  stretched,  while  no  increase  was 
seen  in  the  sheared  cells. 

Figure  7  shows  that  cells  that  are  stretched  release  about  1 .6  times  the  amount  of  LDH  as  that 
released  by  unstretched  cells.  Whereas  sheared  cells  did  not  release  a  significant  level  of  LDH 
relative  to  unsheared  cells  at  all  time  (p>0.1).  The  maximum  possible  LDH  release  (when  all  cells 
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are  lysed)  is  3.2±0.2  times  that  of  unstretched  cells.  Assuming  unstretched  cells  are  completely 
intact,  22  %  of  cells  might  have  lysed  upon  stretching.  Alternatively,  since  LDH  release  appears  to 
be  transient  during  stretch  injury  (LDH  release  24  hours  later  is  less  than  that  measured  immediately 
after  injury),  transient  membrane  permeability  in  stretched  cells  was  observed  sufficient  to  release 
20  %  of  the  total  possible  LDH  release.  The  level  of  LDH  release  of  stretched  cells  at  time  zero  is 
significantly  different  from  the  sheared  cells  as  shown  in  Figure  2  (p<0.05).  DNA  fragmentation  in 
stretched  cells  is  accompanied  with  significant  LDH  release.  This  is  not  the  case  in  sheared  cells. 
The  level  of  LDH  release  in  stretched  cells,  however,  is  still  significantly  lower  that  the  level 
expected  when  all  cells  are  lysed  (die  via  necrosis).  Furthermore,  within  20  hours,  the  level  of  LDH 
release  decreases  relative  to  LDH  release  measured  immediately  after  injury  suggesting  that  the 
increased  in  membrane  permeability  is  not  permanent,  as  it  would  be  in  the  case  of  necrosis. 
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Figure  6.  (left)  The  percentage  of  TUNEL  positive  cells  (with  fragmented  DNA)  as  a  function  of 
time  and  mode  of  strain.  Cells  were  exposed  to  no  strain  (open  bar),  shear  stress  (solid  bar)  or 
stretch  (dotted  bar)  for  10  minutes.  DNA  fragmentation  was  assayed  immediately,  5  hours  or  20 
hours  after  strain  application.  For  all  data  n  =  3-5  except  for  no  strain  data  where  n=14.  *  refers  to 
the  significance  of  the  result  relative  to  unstrained  cells  with  p<0.05. 

Figure  7.  (right)  The  level  of  LDH  release  as  a  function  of  time  and  mode  of  strain.  Cells  were 
exposed  to  no  strain  (open  bar),  shear  stress  (solid  bar)  or  stretch  (dotted  bar)  for  10  minutes.  LDH 
release  was  immediately,  5  hours  or  20  hours  after  strain  application.  For  all  data,  the  ratio  of  LDH 
release  from  strained  cells  relative  to  the  unstrained  controls  is  reported.  N  equals  9  for  10  minute 
stretch  data,  for  all  others,  n  =  3-5.  *  refers  to  the  significance  of  the  result  relative  to  unstrained 
control  cells  with  p<0.05. 

Figure  8  depicts  that  nitric  oxide  production  occurs  with  different  patterns  for  different  mode  of 
strain.  Nitric  oxide  production  is  only  slightly  elevated  immediately  after  stretch  application  but  is 
significantly  elevated  20  hours  after  stretch  (p<0.05).  The  level  of  nitric  oxide  released  into  culture 
medium  by  cells  increased  35  to  248%  within  24  hours  for  injured  cells.  Stretched  cells  increase 
production  of  NO  only  after  a  significant  delay  after  injury,  while  sheared  cells  increase  production 
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of  NO  immediately  after  injury.  After  an  initial  burst  in  NO  production  in  sheared  cells,  the  level 
drops  relative  to  unsheared  control  for  the  24  hour  period  of  time. 

Figure  9  gives  a  comparison  of  the  effect  of  treatment  of  strained  cells  using  NOS  inhibitor,  L 
NAME  and  extracellular  calcium  chelator,  EGTA.  Both  agents  are  neuroprotective  to  different 
degrees  depending  on  the  mode  of  strain.  Sheared  cells  responded  more  to  L-NAME  than  EGTA 
treatment  whereas  stretched  cells  responded  slightly  better  to  EGTA  than  L-NAME.  Based  on  our 
results,  we  hypothesize  that  stretch  application  leads  to  an  indirect  increase  in  nitric  oxide 
production,  possibly  through  increases  in  calcium  influx.  During  shear,  nitric  oxide  synthase  is 
most  likely  activated  very  early  during  shear  stress  application,  possibly  through  a  G  protein 
dependent  mechanism. 
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Figure  8.  (left)  Comparison  of  the  level  of  NO  production  of  stretched  and  sheared  cells.  Cells 
were  exposed  to  shear  (solid  bar)  or  stretch  (dotted  bar)  for  10  minutes.  NO  level  was  measured 
immediately  after,  5  hours  or  20  hours  after  strain  application.  For  all  data,  the  ratio  of  NO  release 
relative  to  unstrained  cells  are  reported.  For  all  data,  n=3-6.  *  refers  to  the  significance  of  the  result 
relative  to  unstrained  control  cells  with  p<0.05. 

Figure  9.  (right)  The  percent  reduction  in  TUNEL  positive  cells  (with  fragmented  DNA)  in 
strained  cells  treated  with  L-NAME  or  EGTA.  Cells  were  incubated  with  L-NAME  or  EGTA  prior 
to  exposure  to  shear  (solid  bar)  or  stretch  (dotted  bar).  DNA  fragmentation  was  assayed 
immediately  after  strain  application.  The  percent  reduction  in  the  amount  of  TUNEL  positive  cells 
relative  to  untreated  strained  cells  is  reported.  For  all  data,  n=3-6.  *  and  ***  refer  to  the 
significance  of  the  result  relative  to  untreated  strained  cells  with  p<0.05  and  p<0.0001  respectively. - 

The  data  presented  indicate  that  a  different  pattern  of  injury  occurs  when  cells  are  exposed  to  shear 
stress  versus  when  they  are  deformed  via  stretch  of  the  underlying  matrix.  There  are  a  variety  of 
factors  which  could  account  for  the  difference  including:  differences  in  cell  strain,  differences  in 
strain  rate,  equibiaxial  strain  versus  uniaxial  strain,  or  that  the  strain  induced  in  the  cell  was  the 
result  of  a  shear  stress  acting  on  the  top  surface  of  the  cell  versus  a  tensile  stress  pulling  at  the  cell 
through  cytoskeleton-matrix  connections.  If  the  differences  observed  in  cell  response  to  load  were 
simply  differences  in  magnitude  of  response,  we  might  conclude  that  we  were  observing  a  “dosage” 
effect  that  was  due  to  differences  in  strain  rate  and/or  final  strain  of  cell.  However,  because  the 
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dynamics  of  the  response  are  quite  different  in  the  two  models,  we  are  inclined  to  believe  that  there 
is  a  fundamental  difference  in  the  mechanism  by  which  the  cells  respond  to  shear  stress  versus 
tensile  stress. 

We  are  currently  improving  the  design  of  the  of  the  strain  apparatus  such  that  we  have  better  control 
of  rate  of  strain  of  cells  and  a  wider  range  of  strain  rates  that  we  can  utilize  with  the  instrument. 

The  better  instrumentation  and  control  should  also  simplify  some  of  the  measurement  of  cell  strain 
during  experimentation.  We  are  also  building  more  devices  such  that  we  can  carry  out  experiments 
with  better  efficiency. 

Towards  the  completion  of  specific  aim  2,  we  the  role  of  caspases  in  the  cell  injury  observed  upon 
application  of  shear  stress  to  differentiated  SH-SY5Y  cells.  We  found  that  both  caspase  1  and  3 
were  activated  during  shear  stress  application  and  that  acitivty  increased  by  30-40%  over  unsheared 
controls.  Futhermore,  inhibition  of  caspases  attenuated  shear  stress  induced  DNA  fragmentation 
indicating  their  role  in  cellular  injury  (Figure  10). 
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Figure  10.  Percentage  of  TUNEL  positive  cells  (with  fragmented  DNA)  as  a  function  of  inhibitors 
of  caspases.  Cells  are  exposed  to  no  shear  (hatched  bars)  or  pulsatile  shear  (solid  bar)  for  90 
minutes  at  10  dynes -cm'2  in  the  presence  of  inhibitors. 

We  examined  the  ability  of  a  number  of  pharmacological  agents  to  protect  cells  from  shear 
stress/strain  induced  injury.  As  seen  in  Figures  1 1  and  12,  shear  induced  DNA  fragmentation  in 
SH-SY5Y  cells  was  attenuated  by  inhibition  of  NO  production  using  L-NAME,  and  incubation  of 
cells  with  the  free  radical  scavengers  ascorbic  acid  and  vitamin  E.  We  suggest  that  NO  production 
is  an  important  step  in  the  mechanism  of  shear  stress  induced  apoptosis  in  differentiated  SH-SY5Y 
cells,  possibly  through  a  pathway  involving  the  reaction  of  NO  with  superoxide  to  form 
peroxynitrite.  The  peroxynitrite  may  then  react  with  regulatory  proteins,  altering  their  activities  and 
signaling  apoptosis. 
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G  protein  activation  can  lead  to  increased  intracellular  calcium  concentration,  a  known  mediator  of 
apoptosis  in  neurons,  through  phospholipase  C  (PLC)  activation,  inositol  triphosphate  production, 
and  Ca2+  release  from  stores.  To  examine  the  role  of  the  inositol  phospholipid  pathway  in  shear 
stress  induced  cell  injury,  we  blocked  PLC  activation  and  Ca2+  release  from  stores  using 
dexamethasone  and  ryanodine,  respectively.  As  seen  in  Figure  13,  incubating  cells  with 
dexamethasone  and  ryanodine  significantly  reduced  the  extent  of  shear  stress  induced  cell  injury 
(p<0.0001).  Thapsigargin,  which  affects  IP3  mediated  Ca2+  release  from  the  endoplasmic  reticulum, 
did  not  protect  cells  from  shear  stress  induced  injury  (data  not  shown). 

The  protective  effects  of  blocking  calcium  entry  into  the  cell  are  shown  in  Figure  14.  Shear  stress 
induced  DNA  fragmentation  was  significantly  reduced  in  the  presence  of  AP-5  (p<0.0001),  an 
NMDA  channel  antagonist,  but  not  significantly  altered  in  the  presence  of  ©-conotoxin,  an  L-type 
voltage  gated  calcium  channel  blocker,  nifedipine,  an  N-type  channel  blocker,  or  NBQX,  an  AMPA 
channel  antagonist  (p>0. 1).  EGTA,  an  extracellular  calcium  chelator,  was  somewhat  protective 
against  shear  stress  induced  DNA  fragmentation  (3 1+4  %  compared  to  45+4%  for  controls, 

p=0.06). 
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Figure  11.  NO  induced  DNA  fragmentation.  Cells  were  exposed  to  no  shear,  no  shear  but  in  the 
presence  of  SNP,  shear  stress  in  the  absence  of  any  inhibitors  or  additives,  and  shear  stress  in  the 
presence  of  L-NAME.  The  percentage  of  cells  with  fragmented  DNA  was  measured  immediately 
after  shear  stress  application  or,  in  the  case  of  no  shear,  5  hours  after  SNP  addition  to  the  culture 
medium.  Data  are  presented  as  the  mean  ±  the  standard  error  of  the  mean  of  n  independent 
determinations,  where  the  error  bars  represent  the  standard  error  of  the  mean,  n  equals  9  for 
unsheared  untreated  control,  3  for  unsheared  treated  with  SNP,  7  for  sheared  cells  without  inhibitor, 
and  5  for  sheared  cells  treated  with  L-NAME.  **  refers  to  the  significance  of  the  result  relative  to 
unsheared  untreated  control  cells  (p<0.001). 
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Figure  12.  Effect  of  antioxidants  on  shear  stress  induced  DNA  fragmentation.  Cells  were  either 
untreated  (None),  preincubated  with  vitamin  E  (Vit  E)  or  preincubated  with  vitamin  C  (Vit  C).  Solid 
bars  represent  cells  exposed  to  shear  stress.  Hatched  bars  represent  cells  treated  identically  except 
for  the  application  of  shear  stress.  The  percentage  of  cells  with  fragmented  DNA  was  measured 
immediately  after  shear  stress  application,  n  equals  9  for  unsheared  untreated  control,  9  for  sheared 
cells  without  inhibitor,  and  3  for  all  others.  **  refers  to  the  significance  of  the  result  relative  to 
sheared  untreated  control  cells  (p<0.001). 
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Figure  13.  Effect  of  inhibitors  of  the  inositol  phospholipid  pathway  on  shear  stress  induced  DNA 
fragmentation.  Solid  bars  represent  cells  exposed  to  shear  stress.  Hatched  bars  represent  cells 
treated  identically  except  for  the  application  of  shear  stress,  n  equals  9  for  unsheared  untreated 
control,  7  for  sheared  untreated  control,  and  3-4  for  all  others.  *  refers  to  the  significance  of  the 
result  relative  to  untreated  sheared  control  cells  (p<0.05). 
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Figure  14.  Effect  of  inhibition  of  calcium  entry  from  extracellular  space  on  shear  stress-induced 
DNA  fragmentation,  n  equals  9  for  unsheared  untreated  control,  7  for  sheared  untreated  control, 
and  3-4  for  all  others.  ***  and  *  refer  to  the  significance  of  the  result  relative  to  untreated  sheared 
control  cells  (pcO.OOOl  and  p<0.06,  respectively). 

We  have  measured  new  protein  synthesis  during  injury  using  radiochemical  techniques  and  have 
seen  almost  a  ten  fold  increase  in  new  protein  synthesis  associated  with  injury.  We  are  currently 
performing  a  number  of  experiments  to  elucidate  the  identity  and  importance  of  the  new  proteins 
being  synthesized.  We  have  identified,  using  radiochemical  techniques,  the  molecular  weights  of  4 
proteins  that  are  synthesized  during  injury.  We  will  examine,  using  immunoblotting,  the  identity  of 
the  proteins.  This  process  may  be  somewhat  arduous,  therefore  we  are  examining  the  feasibility  to 
use  2D  electrophoresis  followed  by  mass  spectroscopy  to  more  efficiently  identify  the  proteins 
associated  with  injury.  Based  on  these  results  we  can  design  inhibitors  of  proteins  involved  early  in 
the  process  of  injury  (or  gene  therapy/antisense  vectors)  that  may  be  useful  in  treatment  of  injury. 

In  the  second  year  of  funding,  we  will  focus  on  what  we  believe  will  be  novel  targets  for  preventing 
injury.  Those  targets  include  agents  which  will  alter  the  structural  properties  of  the  membrane  and 
cytoskeleton  and  may  therefore  make  cells  more  resistant  to  structural  damage.  This  may  be 
especially  appropriate  if  we  try  to  prevent  a  nerve  injury  induced  by  repetitive  motion/vibration. 

In  addition,  we  will  begin  examining  the  timing  needed  for  an  intervention  such  that  we  can  prevent 
neurodegeneration  following  the  initial  shear  or  stretch  insult.  Besides  examining  the  effectiveness 
of  using  molecules  already  identified  in  preventing  neurodegeneration  when  applied  after  the  insult! 
we  will  examine  molecules  such  as  IL-1,  which  is  known  to  be  important  in  the  caspase  1  pathway, 
and  other  proteins  which  we  believe  may  interfere  downstream  in  the  neurodegenerative  pathway. 

Conclusions 

We  believe  these  results  demonstrate  significant  progress  towards  achieving  the  aims  of  the 
proposed  work.  Our  results  support  our  original  hypothesis  that  mechanical  force  induced  apoptosis 
proceeds  via  a  mechanism  involving  G  protein  activation,  NO  production,  calcium  entry  into  cells, 
and  protein  synthesis.  We  have  evidence  that  calcium  entry  into  cells  is  through  glutamate  gated 
channels,  making  the  role  of  glutamate  release/metabolism  potentially  very  important.  In  addition, 
given  the  importance  of  strain  rate  in  cell  injury,  structural  feature  of  the  cell  such  as  the 
cytoskeleton,  are  potentially  very  important  in  early  steps  in  injury.  We  have  unique  data  that 
demonstrates  that  the  mode  by  which  cells  are  deformed  affects  the  nature  of  injury  the  cells 
experience.  Because  the  dynamics  associated  with  different  modes  of  injuiy  are  different,  we 
believe  that  cell  injury  via  stretching  of  the  underlying  matrix  may  be  far  more  easy  to  prevent 
relative  to  injury  caused  by  shear  stress. 

Development  of  models  of  head  injury  and  other  neurodegenerative  diseases  associated  with 
mechanical  loading  of  cells  provides  new  and  cheaper  ways  to  investigate  mechanisms  of  disease 
and  screen  drugs  for  treatment  of  disease.  Understanding  the  mechanism  of  injury  and  how  the 
injury  relates  to  the  forces  which  caused  it  will  be  essential  in  designing  new  treatments  for 
traumatic  injury.  All  of  our  findings  clearly  reflect  the  potential  of  developing  new  treatments  for 
traumatic  injury  to  the  CNS  and  possibly  repetitive  injury  to  the  peripheral  nervous  system.  In 
addition,  we  believe  that  the  model  developed,  when  application  of  stress  is  at  a  low  strain  rate,  has 
relevance  to  glaucoma. 
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Abstract 


Principal  component  analysis  (PCA)  has  been  used  to  examine  simulated  data 
from  redundant  biosensor  arrays  operating  properly  or  experiencing  malfunction.  Initial 
cases  focus  on  specific  mechanisms  of  sensor  failure  and  the  ability  of  PCA  to  identify 
the  failed  sensors  in  these  cases.  Effective  discrimination  of  faulty  sensors  from  those 
functioning  properly  was  demonstrated  for  individual  cases  of  completely  failed,  noisy, 
biased  and  drifting  sensors,  and  sensors  experiencing  transient  errors.  Further  cases  were 
generated  to  simulate  failure  via  multiple  mechanisms  in  one  sensor  array.  Although 
PCA  on  the  complete  data  set  was  capable  of  identifying  faulty  sensors  in  this  case,  the 
specific  cause  or  type  of  failure  could  not  be  identified.  To  identify  the  exact  problem,  a 
time-based  examination  of  sensor  function  was  implemented  in  the  form  of  PCA  on  a 
time-variant  data  set.  This  permitted  not  only  the  identification  of  faulty  sensors  within 
the  array,  but  also  the  determination  of  the  exact  mode  of  sensor  failure. 
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Introduction 


Redundancy  in  sensor  systems  is  frequently  used  for  critical  safety  applications 
such  as  chemical  process  monitoring. 1-3  Many  clinical  applications  that  can  be 
addressed  by  biosensors  could  also  benefit  from  the  introduction  of  redundancy, 
particularly  those  in  which  a  patient’s  well-being  is  at  stake.  In  the  case  of  an  in  vivo 
glucose  sensor,  both  short-term  inaccurate  readings  and  long-term  sensor  drift  may  lead 
to  improper  insulin  administration  by  a  patient,  potentially  leading  to  extended  periods  of 
hyperglycemia  or  life  threatening  hypoglycemia.  The  use  of  a  multi-sensor  array, 
however,  introduces  sensor  redundancy,  permitting  some  individual  sensing  elements  to 
fail  without  compromising  the  overall  measurement. 

There  have  recently  been  numerous  studies  exploring  the  development  of 
biosensor  arrays,  including  those  based  on  the  photolithography  of  photodeprotectable 
biotin  derivatives^,  functional  antibodies  on  silane  monolayers^,  electrochemically 
deposited  enzymes  on  individually  addressable  array  members^,  micropatteming  of 
electrostatically  complexed  multilayers^,  and  redox  polymer  hydrogels  patterned  via 
photolithography.^  The  implementation  of  biosensor  arrays  requires  that  two  very 
distinct  problems  be  addressed.  First  is  the  development  of  sensor  fabrication  chemistries 
and  techniques  amenable  towards  the  rapid  and  reproducible  generation  of  arrays  using 
methods  such  as  those  described  above.  Second  is  the  development  of  statistical 
techniques  and/or  signal  processing  algorithms  capable  of  analyzing  data  produced  by  the 
sensor  array  and  eliminating  measurements  generated  from  faulty  sensors.  Here  we 
report  on  the  development  of  such  algorithms  based  on  principal  component  analysis 
(PCA). 
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Many  numerical  techniques  are  available  for  developing  signal  processing 
algorithms  with  applications  in  biosensor  arrays.  These  are  typically  divided  into  two 
categories;  univariate  statistical  techniques  and  multivariate  methods  such  as  neural 
networks  (NN),  partial  least  squares  (PLS)  and  principal  component  analysis  (PCA). 
Univariate  statistical  methods  take  advantage  of  upper  and  lower  bounds;  if  the  data  do 
not  conform  to  these  bounds,  the  sensor  is  considered  faulty.  Unfortunately,  this  type  of 
analysis  often  results  in  numerous  indicators  for  the  root  cause  of  failure,  making 
identification  of  the  primary  problem  difficult.  In  addition,  all  types  of  failure  cannot  be 
diagnosed  with  univariate  methods,  for  example,  consider  the  case  of  a  sensor 
functioning  improperly,  yet  displaying  measurements  within  the  predetermined  upper  and 
lower  bound  limits.9’ 10  A  univariate  method  would  not  be  able  to  identify  this  failed 
sensor  and  thus  more  sophisticated  multivariate  techniques  become  necessary. 

PLS,  NN  and  PCA  are  frequently  employed  multivariate  statistical  techniques  for 
analyzing  large  data  sets.  PLS,  like  PCA,  is  a  dimension  reduction  method  with  the  goal 
of  maximizing  the  correlation  between  input  and  output  matrices.  This  permits  focusing 
fault  detection  efforts  on  the  variables  that  most  specifically  influence  another  set  of 
variables.  1 1  Neural  networks  are  the  most  sophisticated  of  the  three  multivariate 
techniques  mentioned  above.  They  have  been  employed  in  numerous  studies,  including 
the  determination  of  blood  glucose  by  near-infrared  spectroscopy,12  the  calibration  of  an 
array  of  voltammetric  microelectrodes12  and  for  on-line  monitoring  with  an  electronic 
nose. 13  Despite  the  sophistication  of  the  neural  networks  employed  in  these  and  other 
studies,  various  drawbacks  exist  with  respect  to  their  application  for  in  vivo  biosensing. 
The  necessity  for  training  sets,  which  may  be  quite  large  in  some  instances,  is  a 


4 


considerable  complication  associated  with  neural  networks.  The  generation  of  such 
training  sets  in  vivo  may  be  difficult  or  impractical.  This  drawback  is  not  inherent  with 
PCA,  as  a  PCA  model  may  be  applied  to  analyze  a  large  data  set  without  prior  training, 
minimizing  the  requirements  for  a  priori  model  development.  Because  of  these 
advantages,  PCA  has  been  used  for  many  applications,  albeit  unrelated  to  biosensor 
arrays,  including  the  analysis  of  data  generated  by  an  electronic  tongue14  and  disturbance 

detection  in  wastewater  treatment  plants. 1 1  PCA  will  be  described  briefly  in  the 
following  section. 

Based  upon  its  advantages  and  relative  simplicity,  this  work  explores  the  use  of 
PCA  for  fault  detection  in  biosensor  arrays.  As  a  model  system,  simulated  data  from  an 
in  vivo  glucose  sensor  array  was  used.  This  simulated  data  will  contain  numerous  “test 
cases”  depicting  various  types  of  sensor  failure  and/or  error,  and  ascertain  the  ability  of 
PCA  to  distinguish  these  faulty  sensors  from  those  sensors  functioning  properly.  Finally, 
a  simulated  time-variant  data  set  consisting  of  sensor  failure  via  multiple  mechanisms 
will  be  analyzed  with  a  time-based  PCA  algorithm. 

Theory 

Principal  Component  Analysis.  A  fault  detection  and  identification  scheme  is 
desired  for  application  with  redundant  biosensor  arrays.  PCA  is  one  such  technique  that 
is  capable  of  reducing  a  complex  data  set,  with  numerous  dimensions,  to  a  simpler  one 
with  fewer  dimensions  by  projecting  the  data  on  a  new  coordinate  system.  Specifically, 
PCA  is  a  mathematical  transform  that  may  be  applied  to  a  data  matrix,  X,  in  this  case  the 
data  acquired  from  a  sensor  array,  to  assess  variance  in  the  data  set.  X  is  typically 
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composed  of  n  sensors  (rows)  and  m  measurements  (columns).  For  X  with  a  set  of  it  rank 
1  matrices  where  k  is  less  than  or  equal  to  the  smaller  of  (m,ri),  PCA  breaks  X  into  k  rank 
1  matrices  (X).  These  matrices  are  then  arranged  in  order  of  decreasing  eigenvalue,  plus 
a  residual  matrix  E.  Thus  we  have 

X=Ar+E  or  Equation  (1) 

^  =  QiPiT  +  Q2P2T  +  •  •  •  +  qicPkT  +  E  =  QkPkT  +  E  Equation  (2) 

where  X  represents  the  relevant  data  in  the  principal  component  subspace  and  E 
represents  noise  or  irrelevant  information  present  in  the  residual  subspace.  10> 15 

These  expressions  may  be  further  simplified  to  yield  the  following  relationships 

X=  QPt  and  E  =  QePeT  Equation  (3) 

where  Q  and  P  are  referred  to  as  the  score  and  loading  matrices,  respectively.  A  PCA 
factorization  is  therefore  able  to  take  a  data  matrix  X  and  break  it  down  into  the  latent 
variables  X  and  E.  These  variables  describe  as  much  of  the  variance  as  possible  under  the 
limits  imposed  by  the  scores  (Q)  and  loading  (P)  vectors.  Score  plots,  essentially  the  Q 
of  the  1  principal  component  against  the  Q  of  the  2nd  principal  component,  may  then  be 
generated  to  assess  the  relationship  between  data  sets,  permitting  grouping  of  the  data. 
Loading  plots,  where  P  of  the  1st  principal  component  is  plotted  against  P  of  the  2nd 
principal  component,  may  also  be  used  to  assess  the  relative  influence  of  an  individual 
variable  on  the  system.  Results  from  these  plots  are  similar  to  those  obtained  from  a  PLS 
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analysis.  Thus  a  vector,  the  first  principal  component,  is  calculated  and  describes  the 
direction  of  largest  variance  in  the  data.  Subsequently,  further  principal  components  may 
be  calculated,  each  orthogonal  to  the  previous  one,  the  sum  of  which  describes  nearly  100 
%  of  the  observations  in  the  data  set. 

Experimental  Section 

All  PCA  calculations  were  performed  in  MATLAB  5.3  (The  MathWorks,  Inc., 
Natick,  MA).  An  experimental  data  set  from  a  subcutaneously  implanted  glucose  sensor 
initially  published  by  Quinn  et  al.,^  shown  in  Figure  1,  is  used  as  the  basis  for  the 
development  of  simulated  data  from  a  sensor  array  containing  both  properly  functioning 
and  malfunctioning  glucose  sensors. 

This  data  was  originally  reported  in  the  form  of  a  sensor  current  as  a  function  of 
time.  However,  to  better  illustrate  the  significance  of  sensor  errors  to  diabetes 
management,  we  transformed  the  data  to  glucose  concentration  as  a  function  of  time 
using  the  following  equation  (4). 

Glucose  (mg/dL)  =  m  *  /  Equation  (4) 

In  this  equation,  i  is  the  sensor  current  in  nA  and  m  is  the  calibration  factor  in 
(mg/dL)/nA.  The  calibration  factor  was  determined  by  a  one-point  calibration  method 
using  a  blood  glucose  measurement  and  a  sensor  current  measurement  from  the  baseline 
region  prior  to  glucose  injection  (Figure  1).  As  a  part  of  this  one-point  calibration,  a 
glucose  concentration  of  zero  was  assumed  to  produce  zero  current. 
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Abnormal  variations  in  sensor  performance  were  subsequently  introduced  into  the 
data  set,  corresponding  to  the  following  types  of  failure  an  in  vivo  glucose  sensor  may 
experience:  complete  failure,  increased  noise,  bias,  drift,  and  transient  errors  (temporary 
bias).  Data  from  these  cases  typically  consisting  of  ten  sensors  with  141  data  points  each 
equal  to  (141,10)}  was  analyzed  by  PCA.  The  results  for  individual  cases  of 
failure,  as  well  as  for  an  example  containing  multiple  fault  types  within  a  given  array,  are 
examined  using  score  plots. 

Results  and  Discussion 

Actual  in  vivo  glucose  monitoring  data  was  used  as  a  basis  for  the  generation  of  a 
simulated  data  set  for  a  glucose  sensor  array.  The  data  from  a  single  subcutaneously 
implanted  glucose  sensor  (Figure  1)  was  taken  and  reproduced,  with  ±  15  %  variability, 
for  a  total  of  ten  sensors,  simulating  an  array.  Failure  by  various  mechanisms  was 
subsequently  introduced  to  individual  sensors  in  the  array  and  the  resultant  data  sets 
analyzed  graphically  with  PCA  generated  score  plots.  This  was  followed  by  introducing 
multiple  failures  within  a  ten  sensor  array  and  determining  the  ability  of  PCA  to  not  only 
identify  which  sensors  have  failed,  but  distinguish  the  mechanisms  of  failure  between 
failed  sensors.  Finally,  an  initial  example  of  a  time-based  PCA  algorithm  was 
implemented  capable  of  identifying  more  effectively  not  only  failed  sensors,  but  also  the 
specific  mode  of  failure. 

Complete  Sensor  Failure.  This  mode  of  failure  is  the  case  where  a  member  of 
the  sensor  array  produces  zero  current,  or  a  current  that  does  not  change  with  variations 
in  local  glucose  concentration.  *7- 19  in  this  case,  failure  may  be  caused  by  a  number  of 
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factors,  including  complete  enzyme  deactivation,  a  failure  in  the  leads/wiring  leading  to 
the  device17  or  an  extremely  strong  chronic  inflammatory  response  by  the  body  that 
walls  off  the  sensor  and  prevents  its  adequate  contact  with  interstitial  fluid.18  Figure  2a 
shows  eight  sensors  operating  properly  with  ±  15  %  variation  in  the  signal.  However, 
two  other  sensors  in  the  array  are  not  responsive  to  glucose.  One  failed  sensor  displays  a 
glucose  measurement  partially  within  the  bounds  of  correct  operation  (~  70  mg/dL),  as 
dictated  by  the  other  eight  sensors,  while  the  other  failed  sensor  displays  a  zero  current 
response.  A  score  plot  based  upon  PCA  of  this  data  set  is  shown  in  Figure  2b.  The  eight 
sensors  working  properly  are  grouped  together  very  closely,  while  the  failed  sensors  are 
deviant  from  this  group.  The  failed  sensor  constantly  reading  0  mg/dL  glucose  is  a  large 
outlier  along  the  1st  principal  component  axis.  The  sensor  erroneously  reading  ~  70 
mg/dL  glucose  and  unresponsive  to  glucose  is  also  a  large  outlier,  but  is  deviant  along 
both  principal  component  axes,  with  variance  primarily  in  the  2nd  principal  component 
axis. 

Increase  in  Noise.  Signal  to  noise  ratio  (SNR)  is  an  important  concern  for 
glucose  sensors  to  be  implanted  in  vivo.  Increased  noise  in  glucose  sensors  may  be 
induced  by  numerous  factors,  including  electromagnetic  radiation  from  power  lines1 9, 
electronic  article  surveillance  (EAS)  systems20'22,  or  movement  of  the  patient.23  In  this 
simulated  case,  eight  sensors  are  operating  properly  with  ±15%  variability  in  signal  and 
two  are  operating  incorrectly  with  ±  25  %  variability  (Figure  3a).  It  is  not  readily 
apparent  visually  which  sensors,  if  any,  are  deviant  from  those  functioning  properly.  A 
score  plot  based  on  PCA  of  this  data  set  is  presented  in  Figure  3b.  Here,  the  eight  sensors 
operating  at  ±  15  %  variability  are  grouped  together,  while  two  other  noisy  sensors  are 
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separated.  However,  these  two  failed  sensors  do  not  differ  from  the  eight  properly 
functioning  sensors  in  the  same  manner.  In  the  score  plot,  the  magnitude  by  which  they 
differ  from  the  set  of  correctly  operating  sensors  is  approximately  the  same.  However, 
the  directional  contributions  to  their  respective  variations  are  quite  different.  This  is  a 
reasonable  result,  as  both  failed  sensors  increase  in  noise  by  the  same  amount,  yielding 
magnitude  shifts  that  are  similar.  However,  due  to  the  very  nature  of  noise,  the 
directional  component  of  this  variation  is  random  in  both  positive  and  negative  directions. 

Bias.  Bias  in  glucose  sensors  can  be  induced  by  a  change  in  the  working  potential 
of  the  electrode24  leading  to  a  precise  response  by  the  sensor  at  a  consistently  inaccurate 
value.  An  erroneously  low  or  high  measurement  by  a  glucose  meter  can  lead  to  improper 
insulin  administration  by  a  patient,  potentially  leading  to  death.  Figure  4a  shows  seven 
sensors  operating  properly  at  ±  15  %  variability.  However,  sensor  eight  is  biased 
positively  by  50  mg/dL  glucose,  sensor  nine  is  biased  negatively  by  50  mg/dL  glucose, 
and  sensor  ten  is  biased  positively  by  200  mg/dL  glucose.  PCA  of  this  data,  presented  in 
Figure  4b,  permits  visual  identification  of  the  biased  sensors  from  those  working 
properly.  The  sensors  operating  effectively  are  all  aligned  along  the  same  1st  principal 
component  with  only  minor  variations  along  the  2nd  principal  component.  The  biased 
sensors,  however,  vary  greatly  along  the  1 st  principal  component.  The  sensors  biased  to 
erroneously  high  glucose  readings  shift  positively  along  the  Is*  principal  component  while 
the  sensors  biased  erroneously  low  shift  negatively  along  the  same  axis.  The  magnitude 
of  the  bias  also  is  apparent  as  the  sensor  corresponding  to  +  200  mg/dL  sensor  is  shifted 
further  than  that  corresponding  to  +  50  mg/dL  sensor.  Thus,  bias  has  both  magnitude  and 
directional  components,  providing  a  means  for  distinguishing  bias  from  noise,  which  only 
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has  a  magnitude  component  as  described  earlier.  These  differences  between  bias  and 
noise  modes  of  failure  will  be  discussed  in  greater  detail  later  when  multiple  modes  of 
failure  are  imparted  within  one  sensor  array. 

Transients.  Transients  in  the  signal  from  the  biosensor  are  often  caused  by  shorts 
where  the  sensor  signal  is  temporarily  biased  or  zero,  as  may  be  induced  by  the 

breakdown  of  vital  electronic  sensor  components.25  The  longer  these  transients  persist, 
the  greater  the  risk  of  the  patient  interpreting  the  transient  as  a  correct  glucose 
measurement.  Figure  5a  shows  this  scenario  with  seven  sensors  working  appropriately 
with  a  noise  of  ±  15  %.  However,  sensors  eight,  nine  and  ten  experienced  transients, 
corresponding  to  shifts  of  +  100  mg/dL,  - 100  mg/dL  and  +  200  mg/dL  glucose, 
respectively.  A  score  plot  based  on  this  data  is  shown  in  Figure  5b,  and  demonstrates  the 
ability  to  identify,  by  both  direction  and  magnitude,  differences  from  normal  data.  The  + 
200  mg/dL  transient  is  further  to  the  left,  along  the  1st  principal  component,  as  opposed  to 
the  +  100  mg/dL  sensor.  The  -  100  mg/dL  transient  is  shifted  in  the  opposite  direction 
along  the  1st  principal  component  by  a  magnitude  approximately  equal  to  that  of  the  + 

100  mg/dL  transient.  The  case  of  transients  is  similar  to  that  of  bias.  However,  for 
similar  values,  due  to  smaller  time  duration  of  a  transient  as  opposed  to  bias,  the 
magnitude  of  the  variation  is  smaller,  with  a  similar  directional  component. 

Sensor  Drift.  The  final  case  potentially  leading  to  sensor  failure  deals  with  the 
drift  of  the  sensor  signal.  This  may  be  caused  by  enzyme  deactivation ^7»  26, 27} 
degradation  of  sensor  materials^  or  remodeling  of  the  implant  site  by  a  chronic 
inflammatory  response.^  Figure  6a  shows  seven  sensors  that  are  functioning  effectively, 
however,  sensor  eight  is  biased  positively  by  an  arbitrary  function,  sensor  nine  positively 
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by  a  similar  function  with  an  increased  slope,  and  sensor  ten  drifting  negatively.  In 
Figure  6b,  we  see  that  a  score  plot  based  on  PCA  is  able  to  group  the  seven  sensors 
working  effectively,  as  compared  to  the  drifting  sensors.  Sensor  eight  is  shifted 
negatively  along  the  1st  principal  component  axis.  Sensor  nine,  larger  in  magnitude  than 
eight  with  respect  to  its  deviation,  is  shifted  further  to  the  left,  also  along  the  1st  principal 
component  axis.  Finally,  sensor  10,  drifting  in  the  opposite  direction  from  the  other  two 
failed  sensors,  is  shifted  positively  along  the  1st  principal  component  axis.  As  in  the  case 
of  bias,  both  magnitude  and  directional  effects  are  apparent.  However,  difficulties  may 
arise  when  attempting  to  distinguish  biased  sensors  from  drifting  sensors.  This  will  be 
further  described  in  the  following  discussion  of  arrays  experiencing  multiple  modes  of 
failure. 

Multiple  Failures.  The  previous  examples  demonstrate  the  potential  of  PCA  to 
identify  faulty  sensors  under  cases  of  specific  failure.  In  the  earlier  discussion  two 
general  types  of  failure  have  been  identified;  those  related  to  drift,  bias  or  transients 
where  magnitude  and  directional  (positive  or  negative)  components  are  present,  and  noise 
related  failure  where,  despite  the  presence  of  a  magnitude  change,  direction  is  random. 
Under  actual  in  vivo  conditions,  however,  the  mechanism  of  failure  will  not  be  known  a 
priori  and  multiple  types  of  failure  are  possible.  Determination  of  the  specific  mode  of 
failure  may  help  identify  what  kinds  of  problems  are  present  and  how  they  may  be 
remedied.  The  case  in  Figure  7a  depicts  failure  of  an  in  vivo  glucose  sensor  array.  To 
determine  the  capabilities  of  PCA  when  faced  with  a  potential  worst  case  scenario,  this 
data  set  has  an  extremely  high  failure  rate  of  60  %  (i.e.  six  out  of  ten  sensors  have  failed). 
Four  sensors  are  operating  correctly  with  noise  of  ±  5  %.  However,  sensor  five  is  biased 
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by  +  20  mg/dL  glucose,  sensor  six  is  functioning  with  noise  of  ±  50  %,  sensor  seven  is 
biased  by  +  200  mg/dL  glucose,  sensor  eight  undergoes  a  temporary  step  corresponding 
to  -  100  mg/dL  glucose,  sensor  nine  is  drifting  by  some  positive  function  and  sensor  ten 
is  completely  failed  reading  0  mg/dL  glucose. 

A  PCA  score  plot  of  this  data  set  is  shown  in  Figure  7b.  As  compared  to  the 
group  of  properly  functioning  sensors  (sensors  1-4)  there  are  significant  deviations  from 
this  group  in  the  score  plot,  specifically  for  sensors  seven,  nine,  and  ten  along  the  1st 
principal  component  axis,  and  sensors  five,  six  and  eight  to  smaller  degrees  along  both 
principal  component  axes.  A  sensor  failing  in  the  positive  direction  may  be  distinguished 
against  one  failing  negatively,  if  the  deviation  from  the  group  operating  correctly  is  of  a 
large  enough  magnitude.  Sensors  seven  and  nine  deviate  positively  and  ten  negatively, 
indicating  these  sensors  are  not  failing  by  noise  related  mechanisms.  However, 
distinguishing  drift  from  bias  or  transients  is  not  possible  with  these  sensors  (specifically 
sensors  five,  six  and  eight)  based  upon  the  analysis  that  has  been  performed.  A  possible 
solution  is  the  implementation  of  a  time-based  monitoring  scheme  that  quantifies  relative 
changes  in  the  principal  components. 

PCA  on  a  time  variable  data  set  may  result  in  a  complete  identification  of  the 
types  of  failures  undergone  by  sensors  in  an  array.  To  perform  this  analysis,  the  data  set 
shown  in  Figure  7a  was  separated  into  seven  ten  minute  segments  (total  experiment  time 
~  70  minutes).  Thus,  each  data  subset  consisted  of  10  sensors  with  approximately  20  data 
points,  or  (m,n)  ~  (20,10).  PCA  analyses  were  performed  on  data  from  each  of  the  time 
segments,  and  the  relevant  1st  and  2nd  principal  components  were  recorded  for  these  sets 
and  plotted  against  time  as  is  shown  in  Figures  8a  and  8b. 
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Figure  8a  shows  the  1st  principal  component  as  a  function  of  time  for  the  four 
sensors  operating  properly  at  a  ±  5  %  variation  level  and  six  malfunctioning  sensors.  A 
sensor  biased  by  +  20  mg/dL  can  be  observed  as  slightly  positive  of  those  working 
properly.  Sensor  eight  with  a  temporary  negative  step  may  be  identified  by  its  temporary 
deviation  along  the  Is*  principal  component  before  returning  to  values  matching  that  of 
the  effective  sensors.  Sensor  nine,  drifting  positively,  displays  a  steady  increase  along 
the  1st  principal  component  axis.  Sensor  ten,  at  0  mg/dL,  and  sensor  seven,  biased  by  + 
200  mg/dL,  are  shifted  positively  and  negatively,  respectively,  along  the  1st  principal 
component.  Sensors  seven  and  ten  indicates  consistent  1st  principal  component  until 
they  shift  at  approximately  the  time  of  a  glucose  bolus,  due  to  the  change  in  their  relative 
errors  as  the  correct  glucose  sensor  readings  increase  with  increasing  blood  glucose.  The 
failed  sensor  displaying  0  mg/dL  glucose  is  shifted  further  away  from  the  sensors 
operating  effectively,  as  is  expected  considering  the  magnitude  of  the  error  increases. 

The  sensor  biased  by  a  reading  of  +  200  mg/dL  shifts  closer  to  the  sensors  operating 
effectively,  which  is  expected  as  the  relative  importance  of  a  200  mg/dL  error  decreases 
during  the  glucose  spike. 

The  one  sensor  that  cannot  necessarily  be  identified  by  the  1st  principal 
component  is  sensor  six,  displaying  a  large  variation  in  signal  of  ±  50  %.  The  error  in 
this  sensor  can  be  seen  in  a  plot  of  the  2nd  principal  component  against  time.  Figure  8b, 
through  variations  that  are  both  positive  and  negative,  from  those  sensors  operating 
effectively.  As  per  earlier  results  shown  in  Figures  4a  and  b  for  failure  induced  by 
increased  noise,  there  appears  to  be  no  directional  component  for  the  noisy  sensor  in  this 
data  set,  thus  random  noise  imparts  only  a  magnitude  component.  Figure  8b  also 
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demonstrates  temporary  negative  shifts  for  the  failed  sensors  reading  +  200  mg/dL  and  0 
mg/dL  at  the  time  of  the  glucose  bolus,  analogous  to  the  shifts  that  we  see  along  the  1st 
principal  component. 

The  majority  of  sensors  failing  by  a  drift  or  bias  related  mechanism  may  be 
identified  simply  by  plotting  the  1st  principal  component  against  time,  as  was  shown  in 
Figure  8a.  Biased  sensors  are  permanently  offset  from  those  sensors  working  properly, 
while  sensors  experiencing  transients  undergo  only  a  temporary  deviation.  Drifting 
sensors  undergo  a  slow  yet  steady  digression  from  those  operating  effectively.  This  may 
be  identified  by  PCA  of  a  time-variant  data  set,  whereas  a  static  analysis  misinterprets  a 
drifting  sensor  for  one  that  is  biased  or  undergoing  a  transient.  The  simplest  category  of 
failed  sensor  to  identify  consists  of  those  having  undergone  complete  failure  as  the 
relative  error  of  these  sensors  changes  significantly  with  changes  in  glucose 
concentration.  The  mechanism  of  failure  is  not  readily  apparent  in  a  plot  of  the  1st 
principal  component  against  time  is  that  of  increased  noise.  This  is  because  random  noise 
has  only  a  magnitude  component  and,  unlike  all  other  mechanisms  of  failure,  has  a 
random  directional  component.  Noise  may  only  be  identified  as  having  a  magnitude  shift 
along  the  2nd  principal  component,  indicating  that  noise  does  not  contribute  as 
significantly  to  sensor  error  as  does  a  bias  related  failure.  However,  this  is  only  true  for 
this  data  set  and  will  not  necessarily  apply  to  other  groups  of  sensors. 

Conclusions 

PCA  was  used  as  a  signal  processing  technique  for  the  analysis  of  data  from 
biosensor  arrays  such  as  the  simulated  implantable  glucose  sensor  array  that  was  used 
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here  as  a  model  system.  Individual  cases  of  sensor  failure,  including  noisy,  drifting, 
biased,  completely  failed  and  sensors  experiencing  transients  were  assessed  and  a  score 
plot  based  on  a  principal  component  analysis  used  to  visually  identify  a  sensor  failed  by 
any  of  these  mechanisms.  Specifically,  sensor  failure  fell  into  two  categories:  noise  and 
drift/bias  effects.  Failure  due  to  drift/bias  displayed  deviation  with  both  magnitude  and 
directional  components  along  the  1st  principal  component  axis.  Noise  related  effects  were 
typically  identified  by  shifts  along  both  principal  component  axes.  However  directional 
effects  were  minimal,  as  noise  is  typically  equally  distributed  in  both  positive  and 
negative  directions.  PCA  was  finally  performed  on  a  time  variable  data  set  containing 
failed  sensors  via  multiple  mechanisms  for  the  purpose  of  identifying  not  only  faulty 
sensors,  but  also  their  mechanism  of  failure.  Though  in  vivo  glucose  sensor  arrays  were 
used  here  as  a  model  system,  this  technique  could  potentially  be  applied  to  other 
redundant  biosensor  arrays  for  both  in  vitro  and  in  vivo  applications. 
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Figure  Captions 


Figure  1.  In  vivo  glucose  sensor  data  from  Quinn  et  al.1^  For  this  work  the  data  from  the 
subcutaneous  sensor  was  used  to  generate  a  simulated  data  set  for  a  redundant  glucose 
sensor  array. 

Figure  2.  Complete  sensor  failure  where  the  sensor  is  displaying  either  no  response  or  a 
completely  inaccurate  response,  a)  Simulated  glucose  sensor  array  data  consisting  of 
eight  sensors  operating  effectively  with  a  variability  of  ~  15  %  and  two  failed  sensors 
displaying  constant  values  of  0  and  70  mg/dL  glucose,  b)  Score  plot  showing  PCA  of 
this  data  resulting  in  the  eight  sensors  operating  correctly  grouped  together  while  the 
failed  sensors  are  deviant  along  both  axes. 

Figure  3.  The  effect  of  noise  on  a  sensor,  a)  Simulated  glucose  sensor  array  depicting 
two  failed  sensors  with  25  %  noise  against  eight  sensors  operating  correctly  with  15  % 
noise,  b)  Score  plot  showing  PCA  of  this  data  where  the  eight  sensors  operating  correctly 
are  grouped  together  whereas  the  two  equally  noisy  sensors  are  deviant  by  similar 
magnitudes  but  in  random  directions. 

Figure  4.  Sensors  temporarily  biased  are  compared  to  those  operating  correctly,  a) 
Simulated  glucose  sensor  array  data  consisting  of  seven  sensors  operating  effectively 
with  a  variability  of  ~  15  %  and  three  biased  sensors  (+  50,  -  50,  and  +  200  mg/dL 
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readings),  b)  Score  plot  showing  PCA  of  biased  sensors  where  both  magnitude  and 
directional  components  are  evident.  A  sensor  biased  by  +  200  mg/dL  instead  of  +  50 
mg/dL  is  shifted  further  from  those  sensors  functioning  properly.  However  a  sensor 
biased  negatively  is  shifted  in  the  opposite  direction  along  the  1st  principal  component. 

Figure  5.  Sensors  undergoing  transients  (“shorts”),  a)  Simulated  glucose  sensor  array 
data  consisting  of  seven  sensors  operating  effectively  with  a  variability  of  ~  15  %  and 
three  sensors  undergoing  steps  (+  100,  -  100,  +  200  mg/dL  readings),  b)  Score  plot 
showing  PCA  distinguishing  the  sensors  undergoing  a  step  change  from  those  operating 
correctly.  Both  magnitude  and  direction  deviations  are  present.  The  sensor  experiencing 
a  +  200  mg/dL  transient  undergoes  a  larger  magnitude  shift  along  the  1st  principal 
component  than  the  +  100  mg/dL  sensor.  The  -  100  mg/dL  transient  is  shifted  in  the 
opposite  direction  by  a  magnitude  approximately  equal  to  the  +  100  mg/dL  sensor. 

Figure  6.  Sensors  that  are  steadily  drifting,  a)  Simulated  glucose  sensor  array  data 
consisting  of  seven  sensors  operating  effectively  with  a  variability  of  ~  15  %  and  three 
sensors  drifting,  two  positively  and  one  negatively,  b)  Score  plot  showing  PCA  of  this 
data  indicating  the  presence  of  both  magnitude  and  directional  deviations.  The  sensors 
experiencing  drift  in  the  positive  direction  are  shifted  in  the  same  direction  along  the  1st 
principal  component.  The  sensor  subjected  to  a  greater  drift  function  is  shifted  further 
along  the  1st  principal  component.  The  sensor  experiencing  a  negative  drift  is  shifted  in 
the  opposite  direction  along  the  1st  principal  component. 
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Figure  7.  This  case  examines  the  identification  of  failure  in  an  array  when  the 
mechanism  of  failure  is  not  predetermined  (multiple  root  causes  are  possible),  a) 
Simulated  glucose  sensor  array  data  consisting  of  four  sensors  operating  effectively  with 
a  variability  of  ~  5  %,  one  sensor  biased  by  +  20  mg/dL,  another  by  +  200  mg/dL,  one 
experiencing  a  transient  of-  100  mg/dL,  one  sensor  operating  at  a  noise  of  50  %,  one 
sensor  drifting  positively  and  the  last  sensor  at  a  0  mg/dL  reading,  b)  Score  plot  showing 
PCA  distinguishing  the  failed  sensors  from  those  operating  correctly.  The  sensors 
operating  improperly  undergo  numerous  shifts  both  in  magnitude  and  direction  along 
both  principal  components.  However,  the  specific  type  of  failure  is  not  readily  apparent 
for  all  cases  based  upon  this  analysis. 

Figure  8.  Dynamic  analysis  of  a  time-variant  data  set  from  Figure  8  using  PCA  to 
generate  plots  of  a)  1st  principal  component  and  b)  2nd  principal  component  versus  time. 
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Glucose  and  lactate  enzyme  electrodes  have  been  fabri¬ 
cated  through  die  deposition  of  an  anionic  self-assembled 
monolayer  and  subsequent  redox  polymer/enzyme  elec¬ 
trostatic  complexation  on  gold  substrates.  These  surfaces 
were  functionalized  with  a  negative  charge  using  11- 
mercaptoundecanoic  acid  (MUA),  followed  by  alternating 
immersions  in  cationic  redox  polymer  solutions  and 
anionic  glucose  oxidase  (GOX)  or  lactate  oxidase  (LAX) 
solutions  to  build  the  nanocomposite  structure.  The 
presence  of  die  multilayer  structure  was  verified  by 
ellipsometry  and  sensor  function  characterized  electro- 
chemically.  Reproducible  analyte  response  curves  from 
2  to20  mM  (GOX)  and  2^10  mM  (LAk)  were  generated 
with  the  standard  deviation  between  multiple  sensors 
between  12  and  17%,  a  direct  result  of  the  reproducibility 
of  the  fabrication  technique.  In  the  case  of  glucose  enzyme 
electrodes,  the  multilayer  structure  was  further  stabilized 
through  the  introduction  of  covalent  bonds  within  and 
between  the  layers.  Chemical  cross-linking  was  accom¬ 
plished  by  exposing  the  thin  film  to  glutaraldehyde  vapors, 
inducing  linkage  formation  between  lysine  and  arginine 
residues  present  on  the  enzyme  periphery  with  amine 
groups  present  on  a  novel  redox  polymer,  polylvinyl- 
pyridine  Os(bisbipyridine)2Cl]-co-allylamine.  Finally,  an 
initial  demonstration  of  thin-film  patterning  was  per¬ 
formed  as  a  precursor  to  die  development  of  redundant 
sensor  arrays.  Microcontact  printing  was  used  to  func¬ 
tionalize  portions  of  a  gold  surface  with  a  blocking  agent, 
typically  1-hexadecanethiol.  This  was  followed  by  immer¬ 
sion  in  MUA  to  functionalize  the  remaining  portions  of 
gold  with  negative  charges.  The  multilayer  deposition 
process  was  then  followed,  resulting  in  growth  only  on  the 
regions  containing  MUA,  resulting  in  a  “positive”-type 
pattern.  This  technique  may  be  used  for  fabrication  of  thin- 
film  redundant  sensor  arrays,  with  thickness  under  100 
A  and  lateral  dimensions  on  a  micrometer  scale. 

The  need  for  effective  enzyme-based  amperometric  biosensors 
is  present  for  many  clinically  relevant  applications,  with  glucose 
and  lactate  sensing  two  of  the  most  commercially  important 
Numerous  types  of  amperometric  devices  for  both  substrates  have 
been  reported  in  the  literature  that  take  advantage  of  the 


enzymatic  properties  of  glucose  oxidase  (GOX)  and  lactate  oxidase 
(LAX).  These  electrodes  include  those  based  upon  the  electro¬ 
chemical  oxidation  of  H202  generated  during  the  reaction  between 
glucose  or  lactate  and  oxygen  catalyzed  by  the  corresponding 
oxidoreductaseu  and  those  that  use  charge  mediators  to  transfer 
electrons  between  the  redox  center  of  the  enzyme  and  the 
electrode  surface*-7  The  actual  commercial  application  of. bio¬ 
sensor  technology,  however,  has  been  somewhat  limited,  typically 
to  home  glucose  test  meters  and  blood-gas  instruments  designed 
to  detect  glucose  and  lactate.  Technically  demanding  applications 
such  as  the  detection  of  multiple  analytes  in  vivo  require  a  high 
density  of  individual  analyte-sensing  electrodes,  required  for 
miniaturization,  which  themselves  contain  a  large  concentration 
of  enzyme  molecules  necessary  to  provide  high  signal  levels.  In 
addition,  these  sensors  must  be  fabricated  easily,  reproducibly, 
and  at  spatially  distinct,  readily  addressable  regions  on  a  discrete 
portion  of  a  surface.  Biosensor  development  with  a  priority  on 
spatial  orientation  and  assembly  on  the  nanoscale  has  thus  become 
an  important  issue.  Examples  of  such  research  include  thin-film 
biosensors  that  use  biotin/avidin  linkages  to  immobilize  enzymes 
in  an  ordered  fashion”  and  assembled  GOX/pyrroloquinoline 
(PQQ)  multilayers  using  techniques  including  carbodiimide 
coupling  of  PQQ  to  surface  polyamines.10-12  Array  or  pattern 
development  has  also  begun  to  receive  attention  for  thin-film 
biosensing  applications.  Various  macromolecules,  including  anti¬ 
bodies  and  proteins,  have  been  deposited  into  discrete  patterns 
using  photolithography13-14  and  microcontact  printing.15-16 
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One  technique  that  has  received  a  great  deal  of  attention  development  of  a  single-analyte  redundant  sensor  array  or  multi- 
recently  involves  the  building  of  individual  monolayers  on  surfaces  analyte  sensor  arrays, 

based  upon  the  attraction  between  oppositely  charged  species. 

Hammond  et  al.  have  addressed  many  issues  in  the  development  EXPERIMENTAL  SECTION 


of  patterned  polyion  multilayers.17"19  Typically,  these  systems^  Reagents.  Glucose  oxidase  (EC  1.1.3.4,  type  X-S,  128  units/ 
utilized  sulfonated  polystyrene  as  the  anionic  component  and  Iff  ft  mg  of  solid  from  Aspergillus  niger),  lactate  oxidase  (35  units/mg 
compounds  such  as  poly(allylamine  hydrochloride)  as  the  cationic  1  \  of  solid,  from  Pediococcus  species),  and  lactic  acid  (6Q^/w  in 
component.  These  polyion  multilayers  were  grown  in  distinct  y  JI  H2O)  were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MG), 
patterns  through  the  use  of  microcontact  printing  (uCP)  and  Ammonium  hexachloroosmate(IV),  1-hexadecanethiol,  11-mer- 

blocking  agents  anchored  to  a  gold  substrate.  The  effects  of  captoundecanoic  acid  (MUA),2,2'-azobisisobutyronitrile  (AIBN), 

solution  ionic  strength20*21  as  well  as  the  attachment  of  redox-active  poly  (4-vinylpyridine),  and  2,2'-dipyridyl  (bpy)  were  obtained  from 
osmium  complexes  have  been  addressed  in  similar  studies.22  the  Aldrich  Chemical  Co.  (Milwaukee,  WI).  Dextrose,  methanol, 

Electrostatic  complexation  of  the  redox  polymer  and  enzyme  ethyl  alcohol,  glutaraldehyde,  ethylene  glycol,  hydrochloric  acid 
may  be  utilized  to  generate  amperometric  biosensors  with  high  v  (11  N),  and  acetonitrile  were  obtained  from  Fisher  Scientific  Co. 
current  densities,  despite  physical  limitations  on  the  total  amount  a  \  (Pittsburgh,  PA).  An  a-acryloyl,  w-N-hydroxysuccinimidyl  ester 
of  sensor  materials.  This  type  of  electrostatic  complexation  was  poly  (ethylene  glycol)  propionic  acid  (PEG-NHS,  MW  3400)  was 

demonstrated  earlier  with  the  complexation  of  polycationic  poly-  purchased  from  Shearwater  Polymers  (Huntsville,  AL).  All  re- 
(vinylpyridine)  complexes  of  [Os(bpy)2CiP  and  polyanionic  agents,  unless  othenvise  stated,  were  used  as  received.  Phosphate- 


may  be  utilized  to  generate  amperometric  biosensors  with  high  v  (11  N),  and  acetonitrile  were  obtained  from  Fisher  Scientific  Co. 
current  densities,  despite  physical  limitations  on  the  total  amount  a  \  (Pittsburgh,  PA).  An  a-acryloyl,  w-N-hydroxysuccinimidyl  ester 
of  sensor  materials.  This  type  of  electrostatic  complexation  was  °f  poly  (ethylene  glycol)  propionic  acid  (PEG-NHS,  MW  3400)  was 


glucose  oxidase  at  graphite  electrodes.23  Complexations  of  this 
type  have  been  utilized  in  recent  layer-by-layer  deposition  ap¬ 
proaches  for  the  development  of  glucose  sensors.  Chen  et  al. 
utilized  alternating  GOX  and  charge  mediator  layers  for  the 
fabrication  of  glucose  enzyme  electrodes.24*25  Other  groups  also 
performed  similar  work  utilizing  ferrocene  derivatives  as  their 
polycationic  charge  mediator.26  Although  these  studies  have 
demonstrated  the  fabrication  of  amperometric  glucose  sensors 
using  the  electrostatic  layer-by-layer  approach,  no  mention  was 
made  of  the  thickness  of  the  sensing  layers,  attempts  to  improve 
sensor  stability,  patterning,  or  oxidoreductases  other  than  GOX. 

The  present  work  expands  on  the  concepts  of  electrostatic 
complexation  between  redox  polymers  and  oxidoreductases.  We 
describe  glucose  and  lactate  sensors  that  use  a  multilayer 
deposition  approach  based  upon  attraction  between  oppositely 
charged  species,  namely,  a  novel  cationic  redox  polymer  and 
anionic  GOX  or  LAX.  The  thickness  of  the  individual  monolayers 
was  determined  via  ellipsometry  with  the  number  of  redox  sites 
within  a  given  monolayer  established  through  cyclic  voltammetry. 
The  sensor  function  of  the  polyion  multilayer  was  compared  to 
that  of  multilayers  stabilized  via  chemical  cross-linking.  Finally,  a 
demonstration  of  patterning  was  performed  through  the  utilization 
of  microcontact  printing  of  MUA  and  blocking  agents  such  as 
1-hexadecanethiol  (C16-SH).  This  is  a  necessary  precursor  to  the 


buffered  saline  (PBS)  solution  was  composed  of  1.1  mM  potassium 
phosphate  monobasic,  3  mM  sodium  phosphate  dibasic  heptahy- 
drate,  and  0.15  M  NaCl  in  18  MQ-cm  deionized  water  (E-pure, 
Bamstead) .  vr 

Equipment  The  equipment  for  electrochemical  analysis 
included  a  CV-50W  voltammetric  analyzer  (Bioanalytical  Systems, 
West  Lafayette,  IN),  a  C2  cell  stand,  a  Ag/AgCl  reference 
electrode,  and  a  platinum  counter  electrode.  The  electrochemical 
apparatus  was  controlled  and  data  were  acquired  using  a  Toshiba 
Pentium  PC.  Ellipsometry  was  performed  using  a  Gaertner 
L2W26D  ellipsometer  (Gaertner  Scientific  Corp.,  Chicago,  IL). 
Film  thickness  and  refractive  indexes  were  calculated  using 
Gaertner  software,  utilizing  a  film  model  that  assumed  a  refractive 
index  ( nd  of  1.46.  All  measurements  were  made  using  a  He/Ne 
(633.8  nm)  laser  and  a  70.00  ±  0.02°  angle  of  incidence. 
Micrographs  of  multilayer  patterns  were  acquired  using  a  Meiji 
optical  microscope  (Meiji  Techno  America,  San  Jose,  CA)  and  a 
Kodak  DC240  digital  camera  (Eastman  Kodak  Co.,  Rochester, 
NY). 

Electrodes.  Gold  electrodes  with  diameters  of  1.6  mm  each 
were  purchased  from  Bioanalytical  Systems.  Prior  to  deposition 
of  the  multilayers,  the  electrodes  were  polished  with  l-/on 
diamond  polishing  slurry  on  nylon  polishing  pads  and  then  with 
0.05-^m  alumina  on  microcloth  pads  followed  by  sonication  along 
with  water  and  methanol  rinses.  Gold-coated  silicon  wafers  (200 


(15)  Kratzmuller,  T.;  Appelhans,  D.;  Braun,  H.-G.  Adv .  Mater.  1999,  11,  555 
558. 

(16)  James,  C.  D.;  Davis,  R  C.;  Kam,  L;  Craighead,  H.  G.;  Isaacson,  M.;  Turner, 
J.  N.;  Shain,  W.  Langmuir  1998,  14,  741-744. 

(17)  Hammond,  P.T.;  Whitesides,  G.  M.  Macromolecules  1995, 28,  7569-7571. 

(18)  Clark,  S.  L;  Hammond,  P.  T.  Adv.  Mater.  1998,  10, 1515-1519. 

(19)  Gregoriou,  V.  G.;  Hapanowicz,  R;  Clark,  S.  L;  Hammond,  P.  T.  Appl 
Spectrosc.  1997,  51,  470-476. 

(20)  Clark,  S.  L;  Montague,  M.  F.;  Hammond,  P.  T.  Macromolecules  1997,  30, 
7237-7244. 
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1996,  6,  948-953. 

(22)  Bretz,  R  L;  Abruna,  H.  D ./  Electroanal.  Chem.  1996,  408,  199-211. 

(23)  Pishko,  M.  V.;  Katakis,  L;  Lindquist,  S.-E.;  Ye,  L;  Gregg,  B.  A.;  Heller.  A 
Angew.  Chem.,  Inti.  Ed.  Engl.  1990,  29,  82. 

(24)  Hou,  S.F.;  Fang,  H.-Q.;  Chen,  H.-Y.  Anal.  Lett.  1997,  30,  1631-1641. 

(25)  Hou,  S.-F.;  Yang,  K.-S.;  Fang,  H.-Q.;  Chen,  H.-Y.  Talanta  1998,  47,  561- 
567. 

(26)  Hodak,  J.;  Etchenique.  R;  Calvo,  E.  J.;  Singhat,  K.;  Bartlett,  P.  N.  Langmuir 
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A  Cr,  1000  A  Au  on  polished  Si  (111),  Lance  Goddard  Associates, 
Foster  City,  CA)  were  fabricated  into  electrodes  (6.45  cm2)  by 
soldering  a  conducting  wire  to  the  substrate  surface.  Gold-coated 
wafers  were  rinsed  with  ethanol,  cleaned  in  an  ozone  cleanei 
(Boekel  Industries,  Inc.,  model  135500)  for  10  min,  and  rinsed 
with  ethanol  again  before  use. 

Polymer  Synthesis.  Osmium-based  polycationic  redox  poly 
mers  were  synthesized  using  modifications  of  established  proto 
cols.  Os(bpy)2Clz  was  synthesized  according  to  a  standarc 
procedure.27  In  brief,  2  equiv  of  bipyridine  (720  mg)  was  mixet 
with  1  equiv  of  ammonium  hexachloroosmate(IV)  (1000  mg)  ir 
50  mL  of  ethylene  glycol.  This  mixture  was  heated  to  reflux  fo, 
45  min,  precipitated  with  supersaturated  sodium  dithionite,  ant 

(27)  Kober,  E.  M.;  Caspar,  J.  V.;  Sullivan,  B.  P.;  Meyer.  T.  J.  Inorg.  Chem.  1988 
27,  4587-4598. 
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Figure  1.  Structure  of  cross-linkable,  organometallic  osmium  redox 
polymer  used  in  development  of  electrostatic  multilayers:  poly[4-vinyl- 
pyridine  Os(bisbipyridine)2CI]-co-allylamine  (PVP-Os-AA). 


repeatedly  washed  with  water  and  ether.  The  Os(bpy)2(Cl)2 
precursor  was  used  in  the  synthesis  of  cross-linkable  redox 
polymers  used  in  these  studies. 

Poly [vinylpyridine  Os(bis-bipyridine)2Cll-c^allylamine  (PVP- 
0s— AA),  was  synthesized  as  follows:  1.0  g  of  4-vinylpyridine,  1.0 
g  of  allylamine,  0.2  g  of  AIBN,  and  200  fiL  of  HCl  were  mixed  in 
50  mL  of  acetonitrile.  This  solution  was  refluxed  for  2  h  and  then 
concentrated  using  rotary  evaporation  for  the  removal  of  aceto¬ 
nitrile.  The  resulting  polymer  was  dissolved  in  1  mL  of  methanol 
and  precipitated  in  50  mL  of  ethyl  ether.  A  100-mg  sample  of 
Os(bpy)2Cl2  was  then  added  to  100  mg  of  PVP-co-allylamine  in  50 
mL  of  ethylene  glycol  and  refluxed  under  N2  for  1.5  h.  Ethylene 
glycol  was  removed  and  the  product  dissolved  in  a  minimal 
amount  of  methanol  followed  by  precipitation  in  70  mL  of  diethyl 
ether.  The  ether  was  then  decanted  off  and  PVP-Os-AA  was 
dried  and  collected.  Figure  1  depicts  the  structure  of  PVP-Os- 
AA. 

Multilayer  Fabrication.  Gold  substrates  were  initially  func¬ 
tionalized  by  immersing  in  1  mM  MUA  in  ethanol  for  ~20  min. 
The  substrates  were  removed,  washed,  sonicated,  and  dried  under 
N2.  The  substrates  were  then  alternately  placed  first  in  a  poly- 
cationic  10  mg/mL  solution  of  PVP— Os— AA  for  ~20  min  and  a 
polyanionic  solution  of  GOX  (10  mg/mL  in  PBS)  or  LAX  (0.7  mg/ 
mL  in  PBS)  for  ~40  min.  Between  immersions,  the  substrates 
were  rinsed  with  0.1  M  PBS,  sonicated  for  ~20  s,  and  dried  under 
flowing  N2.  A  depiction  of  the  final  multilayer  structure  is 
presented  in  Figure  2. 

Multilayer  Cross-Linking.  To  chemically  stabilize  the  multi¬ 
layer  structures,  the  cationic  and  anionic  layers  were  chemically 
cross-linked  using  glutaraldehyde.28  This  was  accomplished  by 
exposing  the  coated  substrates  to  glutaraldehyde  vapors  for  ~15 
min  and  then  removing  to  room  air  prior  to  electrochemical 
testing. 

Multilayer  Patterning.  Stamps  for  microcontact  printing 
structures  were  made  via  replica  molding,  using  a  slightly  modified 
version  of  a  published  protocol.29  In  brief,  Shipley  STR1045 

(28)  Wiseman,  A.  In  Ellis  Horwood  Series  in  Biochemistry  and  Biotechnology 
incorporating  Molecular  Biology,  Wiseman,  A.,  Ed.;  Ellis  Horwood:  London, 
1995;  p  738. 
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Figure  2.  Depiction  of  the  multilayer  structure.  Positive  charges  on 
redox  polymer  are  electrostatically  attracted  to  negative  charges  on 
enzyme  and  substrate  surface. 


photoresist  (MicroChem  Corp.,  MA)  was  deposited  in  a  thin  layer 
via  spin  coating  at  ~5000  rpm  on  a  clean  Si  wafer.  This  photoresist 
was  exposed  to  365-nm,  20  W/cm2  UV  light  through  an  optical 
test  mask  (USAF  resolution  chrome  test  target,  Melles  Griot). 
After  photoresist  development,  poly(dimethylsiloxane)  (PDMS) 
(Sylgard  184  silicone  elastomer  and  curing  agent  in  a  10:1  ratio, 
Dow  Coming  Corp.)  was  deposited  over  the  patterned  photoresist 
The  uncured  PDMS  was  confined  with  a  small  cylinder  pressed 
down  on  the  substrate  with  a  slight  weight  This  prestamp  was 
then  placed  in  a  vacuum  oven  to  be  degassed  and  cured  for  ~24 
h.  Upon  curing,  the  PDMS  was  lifted  off  the  substrate  resulting 
in  the  patterned  stamp. 

Application  of  the  stamp  to  form  a  patterned  substrate  was 
performed  as  follows.  Initially,  the  stamp  was  dipped  in  1  mM 
C16-SH  solution  (ethanol)  for  ~20  s.  It  was  then  dried,  and  pressed 
on  a  cleaned  gold  surface  for  ~20  s.  The  stamp  was  then  removed, 
the  substrate  exposed  to  1  mM  MUA  for  ~20  min,  and  the 
multilayer  deposition  procedure  followed  as  described  earlier. 

Electrochemical  Characterization.  Electrodes  were  tested 
in  a  cell  containing  Pt  counter  and  Ag/AgCl  reference  electrodes 
as  well  as  0.1  M  PBS  degassed  with  N2  (15  min  prior  to  start  of 
experiment  and  for  the  duration  of  experiment).  Bubbling  with 
N2  was  used  to  agitate  the  solution  rather  than  a  stir  bar.  Either 
of  two  experiments  was  conducted  to  characterize  sensor  re¬ 
sponse:  cyclic  voltammetry  or  constant-potential  amperometry. 
For  cyclic  voltammetry,  the  applied  potential  was  cycled  linearly 
from  0  to  500  mV  at  a  scan  rate  of  20  mV/s.  The  anodic  peaks  01 
individual  scans  were  integrated  to  determine  the  surface  coverage 
or  the  total  amount  of  charge  mediator  present  in  any  one  layer 
Constant-potential  amperometry  required  the  preconditioninj 
(~50  s)  and  operation  of  the  electrode  at  a  constant  applier 
potential  of  300  mV.  When  the  current  reached  a  baseline  in  th< 
absence  of  substrate,  aliquots  of  substrate  were  added  and  stei 
changes  in  current  monitored  with  time.  Unless  otherwise  stated 
n  =  3  for  all  substrate  response  curves. 

RESULTS  AND  DISCUSSION  , 

The  development  of  reliable  and  robust  amperometric  bioser 
sor  arrays  is  dependent  upon  the  miniaturization  of  sensor  feature 
to  increase  both  the  density  of  sensing  elements  in  a  spatiall; 
distinct  region  and  the  density  of  biorecognition  molecules  withL 

(29)  Xia,  Y.;  Whitesides.  G.  M.  Angew.  Chem.,  Inti  Ed  1998,  37,  550-575. 
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Figure  3.  Increase  in  thickness  as  measured  by  eliipsometry  upon 
attachment  of  each  subsequent  layer. 


an  individual  sensor.  Miniaturization,  however,  may  result  in  low 
current  densities  and  inadequate  signal-to-noise  ratios.  To  over¬ 
come  this  problem,  we  have  formed  redox  polymer  and  enzyme 
complexes  through  an  electrostatic  layer  by  layer  deposition 
scheme,  a  technique  that  has  been  shown  to  increase  current 
densities  in  the  resulting  biosensors.23  This  scheme  for  sensor 
development  minimizes  the  use  of  such  components  as  retaining 
membranes  or  thick  polymer  matrixes,  resulting  in  an  increased 
density  of  the  primary  sensing  components,  namely,  the  enzyme 
and  redox  polymer.  This  permits  rapid  and  efficient  sensor 
performance,  which  may  be  further  improved  by  chemically  cross- 
linking  the  multilayer  structure  by  exposure  to  glutaraldehyde. 
The  goal  of  minimizing  sensor  dimensions  was  achieved  by 
keeping  the  thickness  of  the  sensing  layers  well  under  100  A 
through  repeated  attachment  of  single  redox  polymer/enzyme 
monolayers.  The  feasibility  of  depositing  these  layers  in  micrometer- 
scale  patterns  was  then  demonstrated  using  ^CP  techniques.  This 
may  eventually  permit  rapid  generation  of  multilayer  sensor  arrays. 

Multilayer  Formation.  The  first  step  in  the  fabrication  of 
these  nanocomposite  structures  was  the  functionalization  of  a  gold 
substrate  for  subsequent  layer-by-layer  deposition.  As  an  adhesion 
layer,  a  monolayer  of  MUA30  with  a  p of  -6.5  was  adsorbed  to 
the  gold  substrate  via  its  thiol  end  group.  At  the  buffer  pH  of  —7.4, 
MUA  presents  the  electrode-solution  interface  with  an  initial 
negative  surface  charge,  via  its  partially  deprotonated  carboxyl 
acid  groups,  with  which  to  begin  the  layer-by-layer  deposition 
process.  Po ly (4-vinyl pyridine)  complexes  ofOs(bpy)2Cl2are  highly 
cationic23  and  will  electrostatically  adsorb  to  the  negatively 
functionalized  surface.  GOX  has  an  isoelectric  point31  of  -3  and 
LAX  has  a  p /  of  —4.6;  thus,  at  pH  7.4,  both  enzymes  possess  a 
net  negative  charge,  permitting  their  adsorption  to  the  cationic 
redox  polymer.  Alternating  deposition  of  positively  charged  redox 
polymers  and  negatively  charged  enzymes  permitted  the  buildup, 
layer-by-layer,  of  a  nanocomposite  structure. 

One  of  the  requisite  features  for  the  formation  of  well-ordered 
and  defined  biosensors  is  the  ability  to  tailor  the  organization  of 
the  sensor  components  as  close  to  the  molecular  level  as  possible. 
With  this  goal  in  mind,  ellipsometric  data  were  obtained  after 
adsorption  of  subsequent  layers  to  verify  that  very  thin  layers  were 
being  deposited  after  each  adsorption  step.  Figure  ^hows  the 
increase  in  film  thickness  upon  addition  of  each  layer  during  the 

(30)  Jordan,  C.  E.;  Corn,  R.  M.  Anal.  Chem.  1997,  69,  1449-1456. 

(31)  Schumann,  W.;  Ohara,  T.  J.;  Schmidt,  H.-L;  Heller,  A./.  Am.  Chem .  Soc. 

1991,  113,  1394-1397. 
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Figure  4.  Cyclic  voltammograms  as  a  function  of  increasing  scan 
rate  (5-400  mV/s)  for  a  GOX/PVP-Os-AA  nanocomposite  thin  film. 
A  formal  potential  of  250  mV  was  found  with  a  peak  separation  of 
-60  mV. 
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alternate  immersions  in  polycation/polyanion  solutions.  For 
glucose  enzyme  electrodes,  the  increase  in  thickness  was  linear 
with  each  addition,  with  an  R2  >  0.98.  The  average  thickness  of 
the  cationic  multilayer,  PVP-Os- AA,  was  larger,  -12.5  A,  than 
the  average  anionic  multilayer  (GOX),  —6.7  A.  GOX  from  A.  niger 
in  its  native  state  is  a  globular  glycoprotein  with  an  elliptical  shape 
and  a  maximum  diameter  as  determined  by  X-ray  crystallography 
of  —45  A  along  its  primary  axis.32  However,  perpendicular  to  this 
axis,  the  diameter  is  smaller,  in  the  range  from  15  to  20  A.  On 
the  basis  of  the  — 6.7-A  increase  in  thickness  after  GOX  adsorption, 
the  enzyme  is  likely  buried  and  intercalated  within  the  redox 
polymer  thin  film.  This  is  expected  due  to  the  nature  of  the 
electrostatic  interactions  between  the  polyions  where  very  strong 
multipoint  contacts  are  prevalent  The  thickness  determined  for 
LAX  multilayers  is  almost  identical  to  those  determined  for  GOX. 
The  average  thicknesses  of  LAX-containing  films  were  -11  A  for 
the  redox  polymer  layers  and  6.5  A  for  the  enzyme  layers,  with  a 
linear  increase  in  film  thickness  upon  the  addition  of  each  layer 
(. R2  >  0.98) .  The  thicknesses  of  these  multilayered  nanocompos¬ 
ites  are  comparable  with  the  few  reported  values  for  nonbiosensor 
applications.17*20  Controls  were  performed  on  gold  substrates  that 
were  not  functionalized  with  MUA,  and  it  was  found  that  there 
was  a  negligible  change  in  thickness  as  measured  via  eliipsometry 
when  an  attempt  was  made  to  deposit  both  enzyme  and/or  redox 
polymer  layers. 

Electrochemical  Characterization.  Cyclic  voltammetry,  shown 
in  Figure  4  for  scan  rates  ranging  from  5  to  400  mV/s,  indicated 
a  formal  potential  of  -250  mV  with  a  difference  in  peak  potential 
of  -60  mV.  This  indicated  that  the  system  is  reversible,  as  the 
peak  potential  is  independent  of  the  scan  rate  and  the  peak  current 
changes  linearly  with  scan  rate  raised  to  the  one-half  power  (not 


(32)  Franchina,  J.  G.;  Lackowski,  W.  M.;  Dermody,  D.  L;  Crooks,  R.  M.; 
Bergbreiter,  D.  E.;  Sirkar,  K.;  Russell,  R.  J.;  Pishko,  M.  V.  Anal.  Chem.  1999, 
71,  3133-3139. 
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shown).  Repeated  cyclic  voltammetry  without  the  presence  of 
glucose  produced  scans  whose  peaks  did  not  degrade  appreciably 
over  time,  demonstrating  that  the  electroactive  components  were 
not  free  to  diffuse  away  from  the  electrode  surface.  Subsequently, 
cyclic  voltammograms  at  a  scan  rate  of  20  mV/s  were  used  to 
characterize  the  number  of  electroactive  osmium  redox  sites 
present  in  each  layer,  an  important  criterion  for  the  assessment 
of  the  sensor’s  electrochemical  function.  This  number  was 
determined  based  upon  the  cyclic  voltammogram  of  a  wafer  with 
only  a  single  redox  polymer  layer  adsorbed  (MUA/PVP-Os- 
AA).  The  area  under  the  anodic  peak  was  integrated  from  the 
voltammogram  and  used  to  determine  the  surface  coverage  of 
osmium  redox  sites  present  per  adsorbed  layer.  This  value,  -4.1 
x  10" 11  mol  cm-2,  compares  favorably  with  the  values  of  (4-5) 
x  10" 11  mol  cm-2  reported  for  ferrocene  monolayers26  and  3  x 
10"11  mol  cm"2  reported  for  Os(bpy)32+  layers.33  On  the  basis  of 
the  redox  polymer  film  thickness  reported  earlier  and  the  surface 
coverage,  the  concentration  of  redox  sites  per  monolayer  is  -3.2 
x  10~4  mol  cm-3. 

Substrate  Response.  The  multilayer  scheme  has  distinct 
advantages  over  other  types  of  sensor  fabrication  methods 
reported  in  the  literature.  Consider  specifically  the  sensing 
mechanism  for  enzymatic  catalysis  and  electron  transfer  between 
polycationic  osmium  redox  polymers  and  polyanionic  glucose 
oxidase. 

^-D-glucose  4*  GOX(FAD)  — > 

gluconolactone  T  GOX(FADH2) 


0.35  i - - -  —  —  - 

0.30  j  ^  i 

5  T I 

io2s  i  !j 

2>0.20!  1  ' 

.2  T 

I  0.15  j  * 

H  ■  i 

5  0.05 1  I  I 

0.00  i -  -  n  -  -  - -  ■  •  -  J 

0  2  4  6  8  10 

Lactic  Add  (rrM) 

Figure  5.  Increase  in  current  density  with  substrate  concentration 
for  lactate  enzyme  electrode  using  multilayer  scheme  consisting  ol 
LAX  and  PVP-Os-AA  (MUA/Os/LAX). 
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Qualitatively,  sensor  response  times  should  be  minimized  due  to 
increased  proximity  between  the  enzyme  and  charge  mediator  in 
an  ordered  structure  where  enzymes  are  in  direct  contact  with 
the  redox  polymer.  Distances  much  larger  than  10  A  result  in 
very  low  rates  of  electron  transfer,34  the  multilayer  structure  places 
redox  sites  well  within  10  A  of  each  other  and  of  enzymes. 

The  response  of  the  enzyme  electrodes  to  the  addition  of 
substrate  was  characterized  using  both  constant-potential  amper- 
ometry  and  cyclic  voltammetry.  Current  response  values  for 
nanocomposite  films  consisting  of  native  LAX  and  PVP-Os-AA 
are  depicted  in  Figure  5.  We  see  a  linear  response  for  a  multilayer 
structure  consisting  MUA/FVP-Os-AA/LAX  with  a  sensitivity 
of  0.027  fiA  cm"2  mM"1,  an  R2  value  of  -0.98,  and  a  standard 
deviation  of  -12%  between  electrodes. 

For  a  GOX  multilayer,  we  see  a  relatively  linear  calibration 
curve  from  2  to  20  mM  substrate  with  a  sensitivity  of  0.015  piA 
cm"2  mM"1  and  an  R2  value  of  —0.98  (Figure  6).  The  error  bars 
indicate  a  standard  deviation  of  -17%  between  electrodes.  This 


Glucose  (mM) 

Figure  6,  Response  of  glucose  enzyme  electrodes  to  substrate 
addition:  (a)  electrostatically  assembled  multilayer  structure;  (•] 
chemically  cross-linked  multilayer  structure. 

compares  favorably  with  the  American  Diabetes  Association 
acceptable  standard  deviation  of  159^jThe  response  in  the 
absence  of  oxygen  indicates  electron  transfer  between  GOX  and 
osmium  sites  along  with  charge  propagation  through  the  redox 
polymer  to  the  electrode  surface.  In  the  presence  of  oxygen,  the 
response  is  reduced  by  —50%.  This  indicates,  as  expected,  thal 
oxygen  does  compete  with  osmium  sites  in  the  multilayei 
structure.  The  signai-to-noise  ratio  (SNR)  was  determined  frorr 
the  electrode  response,  under  N2,  at  6  mM  glucose  and  was 
calculated  as  the  steady-state  current  at  that  substrate  concentra 
tion  divided  by  the  standard  deviation  of  the  current  fi.e.,  the 
noise).  At  6  mM,  the  SNR  was  -100,  indicating  a  relative!) 
sensitive  electrode  at  physiological  glucose  levels.  As  expectec 
by  the  thickness  of  the  nanocomposite  thin  film,  the  response 
times  are  quite  rapid  for  both  glucose  and  lactate  enzymt 
electrodes,  with  times  to  reach  95%  of  the  final  response  under  * 
s  for  step  changes  in  substrate  concentration  in  the  physiologica 
range. 

The  lactate  enzyme  electrodes  demonstrate  a  higher  response 
as  compared  to  a  glucose  enzyme  electrode.  The  opposite  migh 
be  expected  since  the  glucose  oxidase  solution  used  for  enzym< 
deposition  was  —2  orders  of  magnitude  greater  in  activity  thai 
that  of  lactate  oxidase.  However,  one  must  consider  the  size  0 


(33)  Kuhn,  A;  Anson,  F.  C.  Langmuir  1996,  12,  5481-5488. 

(34)  Marcus,  R  A;  Sutin,  N.  Biochim.  Biopkys.  Acta  1985,  811,  265. 


i)  Association,  A  D.  Diabetes  Care  1987,  10,  95-99.  J 
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each  of  these  macromolecules.  GOX  is  a  dimer  of  large  molecular 
weight,  - 180  000,  more  than  twice  the  size  of  LOX,  ~80  000. 
Considering  enzyme  intercalation  in  a  highly  charged  redox 
polymer  layer,  it  is  possible  that  a  larger  amount  of  LOX  was 
electrostatically  incorporated  into  each  layer.  This  may  be  true 
from  a  physical  standpoint,  as  a  larger  number  of  smaller  spheres 
(both  GOX  and  LOX  are  globular)  will  pack  into  a  given  space 
than  will  larger  spheres.  This  may  also  be  true  from  an  electro¬ 
static  standpoint,  as  the  negative  or  anionic  portions  of  LOX  are 
potentially  more  accessible  for  electrostatic  complexation,  as  the 
enzyme  is  smaller  and  these  residues  will  more  likely  reside  near 
the  surface  of  the  protein.  This  type  of  phenomenon  has  been 
observed  in  the  past  where  Heller  and  colleagues36  demonstrated 
higher  current  densities  (~25-50%)  for  lactate  enzyme  electrodes 
as  compared  to  glucose  enzyme  electrodes  under  analogous 
conditions. 

The  current  densities  determined  in  these  experiments  for  both 
lactate  and  glucose  enzyme  electrodes,  as  expected,  are  relatively 
low  due  to  the  size  of  the  electrodes  used.  As  ellipsometry 
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necessitated  the  use  of  larger  Au  substrates  (6.45cm2  electrodes), 
the  obtained  current  densities  do  not  compare  favorably  to  those 
present  in  the  literature,  including  studies  reporting  10-20  pA 
cm-2  mM"1  for  polymer  film-based  sensors.37*38  However,  when 
these  nanocomposite  films  were  fabricated  on  gold  microelec- 
trodes  ( d  —  250  pm) ,  current  densities  approached  10  pA  cm-2 
mM'1. 

Multilayer  Cross-Linking.  Further  covalent  stabilization  of 
the  resultant  nanocomposite  thin  films  was  desired  not  only  to 
physically  strengthen  the  film  structure  but  also  to  eliminate 
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Figure  7.  Schematic  for  buildup  of  multilayer  films;  repeated  1 
generate  the  desired  number  of  layers  and  sonicated  between  eac 
step. 


potential  desorption  due  to  changes  in  pH,  ionic  strength,  or  high 
oxidation  potentials.  We  have  demonstrated  that  extreme  changes 
in  pH  are  capable  of  releasing  biomolecules  that  are  entrapped 
through  electrostatic  interactions.32  Other  studies  have  demon¬ 
strated  the  destruction  or  desorption  of  SAMs  at  negative  applied 
potentials.39*40  In  addition,  covalent  bonds  between  the  layers  are 
likely  to  improve  charge-transfer  rates  and,  hence,  sensor  re¬ 
sponse.  In  redox  polymers,  electron  transfer  is  believed  to  occur 
by  two  primary  mechanisms:  electron  hopping  between  redox 
sites  and  routing  along  polymer  chains.  Although  imparting 
covalent  cross-links  may  suggest  a  decrease  in  redox  polymer 
flexibility  and  subsequently  reduced  conductivity,  cross-linking 
of  the  multilayer  structure  likely  decreases  the  distance  between 
enzyme  active  sites  and  redox  sites  while  providing  additional 
direct  routes  of  charge  transfer,  both  from  the  enzyme  to  redox 
sites  and  between  redox  sites  via  self-exchange.41 

To  further  stabilize  the  structure,  previously  tested  GOX 
enzyme  electrodes  were  chemically  cross-linked  by  exposure  to 
glutaraldehyde  vapors  where  it  is  anticipated  that  arginine  and 
lysine  residues  of  the  enzyme  will  react  with  amines  present  on 
the  redox  polymer.  Figure  6  also  shows  that  there  is  an  increase 

(36)  Delumleywoodyear,  T.;  Rocca,  P.;  Lindsay,  J.;  Dror,  Y.;  Freeman,  A;  Heller. 
A  Anal.  Chem.  1995,  67,  1332-1338. 

(37)  Malitesta,  C.;  Palmisano,  F.;  Torsi,  L;  Zambonin,  P.  G.  Anal.  Chem.  1990, 
62,  2735-2740. 

(38)  Ryan.  M.  R.;  Lowry,  J.  P.;  O'Neill,  R.  D.  Analyst  1997,  122,  1419-1424. 

(39)  Garrell,  R.  L;  Chadwick,  J.  E.  Colloids  Surf.  A:  Physicochem.  Eng.  Aspects 
1994,  93,  59-72. 

(40)  Widrig,  C.  A;  Chung,  C.:  Porter,  M.  D.  /.  Electroanai  Chem.  1991,  310, 
335-359. 

(41)  Aoki,  A;  Heller,  A./.  Phys.  Chem.  1993,  97,  11014—11018. 


in  current  density  upon  cross-linking  with  glutaraldehyde  j 
opposed  to  non-cross-linked  films,  with  an  average  increase  < 
~60%.  The  standard  deviation  for  electrodes  based  on  cross-linke 
multilayer  structures  was  -13%  between  electrodes.  With  an  1 
~  88%,  the  response  is  not  as  linear  as  that  for  the  non-cros 
linked  films.  This  appears  to  indicate  that  the  Michaelis-Mente 
enzyme  kinetics  of  the  enzyme  become  rate  limiting  in  tt 
electrode  reactions  when  the  nanocomposite  film  is  cross-linke 
possibly  due  to  improved  electron  transfer  between  the  rede 
polymer  and  enzyme.  These  cross-linked  films  were  able  to  reta 
nearly  100%  of  their  activity  for  a  minimum  of  three  weeks  whe 
refrigerated  (tested  up  to  four  weeks  of  retained  activity),  ; 
opposed  to  a  maximum  of  two  weeks  for  non-cross-link( 
nanocomposites. 

Patterning.  With  the  goal  of  achieving  spatially  distinct  ar 
individually  addressable  biosensor  array  members,  patterns  of  tl 
multilayers  were  generated  using  the  microcontact  printii 
technology  developed  by  Xia  and  Whitesides.29  Stamps  for  fiQ 
were  fabricated  by  depositing  and  curing  PDMS  on  a  photolith 
graphically  generated  master-a  USAF  test  grid,  consisting 
rectangles  and  numbers  of  varying  size.  The  scheme  for  pattemi 
is  depicted  in  Figure  7,  with  a  resultant  pattern  shown  in  Figu 
8.  The  bars  shown  here  have  the  critical  lateral  dimensions 
-280  and  150  ptm.  This  is  true  for  both  of  the  distinctly  visit 
regions— those  containing  the  multilayer  structure  and  the  bo 
blocked  with  C16-SH.  Features  as  small  as  10  ptm  have  be 
identified,  and  l-2-pixn  features  are  feasible  using  this  technique 
Analogous  to  typical  optical  lithography  techniques,  the  resulti 
film  would  be  a  “positive”  pattern,  as  the  regions  stamped  do  r 
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Figure  8,  Patterns  generated  by  uCP  and  subsequent  multilayer 
buildup  (dark  regions  on  micrograph).  Bars  from  pattern  (top)  have 
the  critical  lateral  dimension  of  -280  ^m.  Smaller  features  below  have 
the  critical  lateral  dimension  of  -150  /im  in  width. 

contain  the  multilayer  sensing  nanocomposite.  If  MUA  or  some 
other  surface  functionalizing  agent  were  stamped  instead  of  the 
blocking  agent,  or  if  an  inverted  stamp  were  fabricated,  a 
“negative”  pattern  could  be  generated.  This  type  of  patterning  may 


be  utilized  for  the  generation  of  redundant  sensor  arrays  based 
upon  nanocomposite  electrostatic  multilayers  in  the  future. 

CONCLUSIONS 

We  have  developed  robust  glucose  and  lactate  sensors  using 
techniques  of  self-assembly  and  polyion  adsorption.  A  gold  surface 
was  functionalized  with  a  negative  charge  through  reaction  with 
MUA  Subsequently,  cationic  redox  polymers  were  adsorbed 
followed  by  attachment  of  anionic  GOX  or  LAX.  This  process  was 
repeated  as  desired  for  the  development  of  highly  reproducible 
enzyme  electrodes  with  standard  deviations  of  -12- 17%  between 
multiple  electrodes.  Sensor  function  was  further  improved  through 
interlayer  chemical  cross-linking  that  stabilized  the  structure. 
Finally,  a  preliminary  demonstration  of  patterning  using  the 
techniques  of  //CP  was  performed  as  a  precursor  to  the  develop¬ 
ment  of  a  redundant  glucose  sensor  array. 
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The  need  for  more  sensitive,  rapid,  and  reliable  chemical  diagnostic  tests  is  becoming  very 
apparent  in  a  number  of  different  segments  in  society,  such  as  at  home,  at  work,  in  hospitals  and  on  the 
battlefield.  Applications  include  home  blood  glucose  measurements  for  diabetes  management,  testing 
food  for  the  presence  of  pathogenic  microorganisms  such  as  Salmonella  and  K  coli ,  and  sensing  chemical 
and  biological  warfare  agents  in  times  of  war.  Many  of  these  applications  require  the  specific  detection  of 
one  or  more  analytes  in  a  complex  chemical  environment  and  possibly  with  a  limited  sample  size. 

Sensors  based  on  biorecognition  molecules  (e.g.  enzymes,  antibodies,  receptors,  oligonucleotides) 
coupled  to  microelectronic  or  optical  transducers,  commonly  called  biosensors,  have  great  potential  to 
address  the  above  applications.  However,  the  application  of  biosensors  has  been  primarily  limited  to 
home  glucose  test  meters  and  blood-gas  instruments  containing  sensors  for  glucose  and  lactate. 

Applications  such  as  the  simultaneous  detection  of  multiple  complex  biomolecules  in  biological  media 
(blood,  serum,  cerebrospinal  fluid,  tissue  culture  media)  require  a  high  density  of  individual  sensing 
elements.  Thus  individual  biomolecules  must  be  immobilized  in  spatial  distinct,  addressable  regions  on  a 
surface.  If  biosensors  are  to  see  more  wide  spread  application,  sensor  fabrication  technologies  must  be 
developed  that  allow  the  development  of  stable,  easily  manufactured  multisensor  arrays. 

In  brief,  we  propose  to  develop  a  widely-applicable  technique  using  mid-UV  photolithography  to 
polymerize  and  pattern  on  a  micrometer  scale  three-dimensional  polymer  films  containing  biological 
recognition  molecules  and  fabricate  both  single  and  multianalyte  sensor  arrays  based  on  these  films. 
Specifically  we  will  apply  this  technology  to  the  fabrication  of  redundant  glucose  microsensors  arrays  for 
use  in  diabetes  management  and  multianalyte  sensor  arrays  for  analytes  important  to  critical  care 
medicine  such  as  lactate,  pyruvate,  and  glucose.  Our  preliminary  experiments  have  shown  that  redox 
enzymes  such  as  glucose  oxidase  and  lactate  oxidase  can  be  covalently  immobilized  in  photopolymerized 
polyethylene  glycol)  hydrogels  with  little  loss  in  activity.  These  hydrogels  showed  rapid  mass  transfer 
for  the  analytes  of  interest  and  were  shown  to  be  biocompatible  in  previous  studies.  These  hydrogels 
were  also  patterned  into  arrays  using  standard  mid-UV  photolithography.  With  continued  progress  in  the 
areas  of  photopolymer  chemistry,  biomolecule  stabilization,  and  hydrogel  patterning,  the  development  of 
multianalyte  hydrogel  arrays  fabricated  using  existing  processing  methods  will  be  feasible. 
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INTRODUCTION 


OBJECTIVES  AND  SPECIFIC  AIMS 

As  stated  in  the  original  proposal,  we  proposed  to  develop  both  single  and 
multianalyte  implantable  sensor  arrays  using  mid-UV  photolithography  to  polymerize  and 
pattern  on  a  micrometer  scale  three-dimensional  polymer  hydrogels  containing  biological 
recognition  molecules.  In  specific  we  have  been  working  to: 

•  Develop  chemistries  that  permit  the  rapid  immobilization  of  functioning 
biorecognition  molecules  (initially  oxidoreductases)  within  photochemically 
polymerized  redox  hydrogels. 

•  Develop  methods  of  patterning  biosensor  films  on  surfaces  using  mid-UV 
photolithography.  Specifically  we  will  seek  to  optimize  the  resolution  of  the 
pattern  and  adhesion  of  the  polymer/biomolecule  network  to  the  substrate. 

•  Fabricate  implantable  single  and  multianalyte  micro-biosensor  arrays  on 
metallized  silicon  substrates  and  flexible  polyimide  substrates.  Using  mid-UV 
photolithography,  we  will  fabricate  an  array  of  redundant  glucose  sensors  and  a 
multianalyte  array  for  lactate,  glucose,  and  pyruvate.  These  devices  will  be  tested 
both  in  vitro  and  in  vivo  by  implantation  in  rats. 

Silicon  microsensor  fabrication  technologies  have  several  inherent  features,  including  high 
volume  production  capabilities,  low  manufacturing  cost,  high  reliability,  high  reproducibility 
and  small  size.  We  ultimately  wish  to  take  advantage  of  these  benefits  by  developing 
photolithography  as  technology  for  incorporating  biosensor  elements  into  microelectronic 
devices. 


PROGRESS  REPORT 


Below  we  will  describe  our  efforts  to  complete  all  three  specific  aims.  In  specific,  we 
will  describe  the  development  of  redox  polymer/oxidoreductase  thin  films  for  amperometric 
sensing,  the  development  of  redundant  sensor  arrays  based  on  these  materials,  and  the 
development  of  algorithms  for  fault  detection  in  these  arrays.  We  will  also  describe  the 
development  of  microfabricated  drug  delivery  systems  and  microfabricated  optical 
microsensors.  Both  of  the  technologies  were  derived  from  the  proposed  research,  yet 
unforeseen  at  the  time  of  the  original  proposal. 

POLYMER/OXIDOREDUCTASE  NANOCOMPOSITE  THIN  FILMS 

Glucose  and  lactate  enzyme  electrodes  have  been  fabricated  through  the  deposition  of 
an  anionic  self-assembled  monolayer  and  subsequent  redox  polymer/enzyme  electrostatic 
complexation  on  gold  substrates.  These  surfaces  were  functionalized  with  a  negative  charge 
using  1 1 -mercaptoundecanoic  acid  (MU A),  followed  by  alternating  immersions  in  cationic 
redox  polymer  solutions  and  anionic  glucose  oxidase  (GOX)  or  lactate  oxidase  (LAX) 
solutions  to  build  the  nanocomposite  structure.  The  presence  of  the  multilayer  structure  was 
verified  by  ellipsometry  and  sensor  function  characterized  electrochemically.  Reproducible 
analyte  response  curves  from  2-20  mM  (GOX)  and  2  -  10  mM  (LAX)  were 
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generated  with  the  standard  deviation  between  multiple  sensors  between  12  and  17  %,  a 
direct  result  of  the  reproducibility  of  the  fabrication  technique.  In  the  case  of  glucose 
enzyme  electrodes,  the  multilayer  structure  was  further  stabilized  through  the  introduction  of 
covalent  bonds  within  and  between  the  layers.  Chemical  crosslinking  was  accomplished  by 
exposing  the  thin  film  to  glutaraldehyde  vapors,  inducing  linkage  formation  between  lysine 
and  arginine  residues  present  on  the  enzyme  periphery  with  amine  groups  present  on  a  novel 
redox  polymer,  poly[vinylpyridine  Os(f?w-bipyridine)2Cl]-co-allylamine  (PVP-Os-AA). 
Finally,  an  initial  demonstration  of  thin  film  patterning  was  performed  as  a  precursor  to  the 
development  of  redundant  sensor  arrays.  Microcontact  printing  (pCP)  was  used  to 
functionalize  portions  of  a  gold  surface  with  a  blocking  agent,  typically  1  -hexadecanethiol 
(C16-SH).  This  was  followed  by  immersion  in  MUA  to  functionalize  the  remaining  portions 
of  gold  with  negative  charges.  The  multilayer  deposition  process  was  then  followed, 
resulting  in  growth  only  on  the  regions  containing  MUA,  resulting  in  a  “positive”  type 
pattern.  This  technique  may  be  used  for  fabrication  of  thin  film  redundant  sensor  arrays, 
with  thickness  under  100  A  and  lateral  dimensions  on  a  micron  scale. 

EXPERIMENTAL  METHODS 

Glucose  oxidase  (GOX,  EC  1.1. 3.4,  Type  X-S,  128  units/mg  solid  from  Aspergillus 
niger ),  lactate  oxidase  (LAX,  35  units/mg  solid,  from  Pediococcus  species)  and  lactic  acid 
(60  %  w/w  in  H2O)  were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Ammonium 
hexachloroosmate(IV),  1 -hexadecanethiol  (C16-SH),  11-mercaptoundecanoic  acid  (MUA), 
2,2’-azobisisobutyronitrile  (AIBN),  poly(4-vinylpyridine),  and  2,2’-dipyridyl  (bpy)  were 
obtained  from  the  Aldrich  Chemical  Co.  (Milwaukee,  WI).  Dextrose,  methanol,  ethyl 
alcohol,  glutaraldehyde,  ethylene  glycol,  hydrochloric  acid  (11  N),  and  acetonitrile  were 
obtained  from  Fisher  Scientific  Co.  (Pittsburgh,  PA).  An  a-acryloyl,  <n-N- 
hydroxysuccinimidyl  ester  of  poly(ethylene  glycol)-propionic  acid  (PEG-NHS,  MW  3,400) 
was  purchased  from  Shearwater  Polymers  (Huntsville,  Al).  All  reagents,  unless  otherwise 
stated,  were  used  as  received.  Phosphate  buffered  saline  (PBS)  solution  was  composed  of 
1 . 1  mM  potassium  phosphate  monobasic,  3  mM  sodium  phosphate  dibasic  heptahydrate  and 
0.15  M  NaCl  in  18  Mfi«cm  deionized  water  (E-pure,  Bamstead). 

The  equipment  for  electrochemical  analysis  included  a  CV-50W  Voltammetric 
Analyzer  (Bioanalytical  Systems),  a  C2  Cell  Stand,  a  Ag/AgCl  reference  electrode  and  a 
platinum  counter  electrode.  The  electrochemical  apparatus  was  controlled  and  data  acquired 
using  a  Toshiba  Pentium  PC.  Ellipsometry  was  performed  using  a  Gaertner  L2W26D 
ellipsometer  (Gaertner  Scientific  Corp.,  Chicago,  IL).  Film  thickness  and  refractive  indices 
were  calculated  using  Gaertner  software,  utilizing  a  film  model  that  assumed  a  refractive 
index  (nf)  of  1.46.  All  measurements  were  made  using  a  He/Ne  (633.8  nm)  laser  and  a  70.00 
+/-  0.02°  angle  of  incidence.  Micrographs  of  multilayer  patterns  were  acquired  using  a  Meiji 
optical  microscope  (Meiji  Techno  America,  San  Jose,  CA)  and  a  Kodak  DC240  Digital 
Camera  (Eastman  Kodak  Company,  Rochester,  NY). 

Gold  electrodes  with  diameters  of  1.6  mm  each  were  purchased  from  Bioanalytical 
Systems  (West  Lafayette,  IN).  Prior  to  deposition  of  the  multilayers,  the  electrodes  were 
polished  with  1  pM  diamond  polishing  slurry  on  nylon  polishing  pads,  then  polished  with 
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0.05  pm  alumina  on  microcloth  pads  followed  by  sonication  along  with  water  and  methanol 
rinses.  Gold-coated  silicon  wafers  (200  A  Cr,  1000  A  Au  on  polished  Si(lll),  Lance 
Goddard  Associates,  Foster  City,  CA)  were  fabricated  into  electrodes  (6.45  cm2)  by  soldering 
a  conducting  wire  to  the  substrate  surface.  Gold-coated  wafers  were  rinsed  with  ethanol, 
cleaned  in  an  ozone  cleaner  (Boekel  Industries,  Inc.,  model  135500)  for  10  minutes,  and 
rinsed  with  ethanol  again  before  use. 

Osmium  based  polycationic  redox  polymers  were  synthesized  using  modifications  of 
established  protocols.  Os(bpy)2Cl2,  was  synthesized  according  to  a  standard  procedure.[l] 
In  brief,  two  equivalents  of  bipyridine  (720  mg)  were  mixed  with  one  equivalent  ammonium 
hexachloroosmate(IV)  (1000  mg)  in  50  mL  ethylene  glycol.  This  mixture  was  heated  to 
reflux  for  45  minutes,  precipitated  with  supersaturated  sodium  dithionite,  and  repeatedly 
washed  with  water  and  ether.  The  Os(bpy)2(Cl)2  precursor  was  used  in  the  synthesis  of 
crosslinkable  redox  polymers  used  in  these  studies. 

Poly[vinylpyridine  Os(6w-bipyridine)2Cl]-co-allylamine  (PVP-Os-AA),  was 
synthesized  as  follows:  1.0  g  of  4-vinylpyridine,  1.0  g  allylamine,  0.2  g  AIBN  and  200  pL 
HC1  were  mixed  in  50  mL  acetonitrile.  This  solution  was  refluxed  for  2  hours  and  then 
concentrated  using  rotary  evaporation  for  the  removal  of  acetonitrile.  The  resulting  polymer 
was  dissolved  in  1  mL  of  methanol  and  precipitated  in  50  mL  of  ethyl  ether.  100  mg  of 
Os(bpy)2Cl2  was  then  added  to  100  mg  of  (PVP)-co-allylamine  in  50  mL  ethylene  glycol  and 
refluxed  under  N2  for  1 .5  hours.  Ethylene  glycol  was  removed,  and  the  product  dissolved  in 
a  minimal  amount  of  methanol  followed  by  precipitation  in  70  mL  of  diethyl  ether.  The 
ether  was  then  decanted  off  and  poly(vinylpyridine  Os(ftw-bipyridine)2Cl)-co-allylamine  was 
dried  and  collected.  Figure  1  depicts  the  structure  of  PVP-Os-AA. 

Gold  substrates  were  initially  functionalized  by  immersing  in  1  mM  MUA  in  ethanol 
for  ~  20  min.  The  substrates  were  removed,  washed,  sonicated  and  dried  under  N2.  The 
substrates  were  then  alternately  placed  first  in  a  polycationic  10  mg/mL  solution  of  PVP-Os- 
AA  for  ~  20  min  and  a  polyanionic  solution  of  GOX  (10  mg/mL  in  PBS)  or  LAX  (0.7 
mg/mL  in  PBS)  for  ~  40  min.  In  between  immersions,  the  substrates  were  rinsed  with  0.1  M 
PBS,  sonicated  for  ~  20s  and  dried  under  flowing  N2.  A  depiction  of  the  final  multilayer 
structure  is  presented  in  Figure  2. 

To  chemically  stabilize  the  multilayer  structures,  the  cationic  and  anionic  layers  were 
chemically  crosslinked  using  glutaraldehyde.  This  was  accomplished  by  exposing  the  coated 
substrates  to  glutaraldehyde  vapors  for  ~  15  minutes  then  removing  to  room  air  prior  to 
electrochemical  testing. 

Stamps  for  microcontact  printing  structures  were  made  via  replica  molding,  using  a 
slightly  modified  version  of  a  published  protocol. [2]  In  brief,  Shipley  STR1045  photoresist 
(MicroChem  Corp.,  MA)  was  deposited  in  a  thin  layer  via  spin  coating  at  ~  5000  rpm  on  a 
clean  Si  wafer.  This  photoresist  was  exposed  to  365  nm,  20  W/cm2  UV  light  through  an 
optical  test  mask  (USAF  resolution  chrome  test  target,  Melles  Griot).  After  photoresist 
development,  poly(dimethylsiloxane)  (PDMS)  (Sylgard  184  silicone  elastomer  and  curing 
agent  in  a  10:1  ratio,  Dow  Corning  Corp.)  was  deposited  over  the  patterned  photoresist. 
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The  uncured  PDMS  was  confined  with  a  small  cylinder  pressed  down  on  the  substrate  with  a 
slight  weight.  This  pre-stamp  was  then  placed  in  a  vacuum  oven  to  be  degassed  and  cured 
for  ~  24  hrs.  Upon  curing,  the  PDMS  was  lifted  off  the  substrate  resulting  in  the  patterned 
stamp. 


Application  of  the  stamp  to  form  a  patterned  substrate  was  performed  as  follows. 
Initially,  the  stamp  was  dipped  in  1  mM  C16-SH  solution  (ethanol)  for  ~  20  s.  It  was  then 
dried,  and  pressed  on  a  cleaned  gold  surface  for  ~  20  s.  The  stamp  was  then  removed,  the 
substrate  exposed  to  1  mM  MUA  for  ~  20  min,  and  the  multilayer  deposition  procedure 
followed  as  described  earlier. 

Electrodes  were  tested  in  a  cell  containing  Pt  counter  and  Ag/AgCl  references 
electrodes  as  well  as  0.1  M  PBS  degassed  with  N2  (15  min  prior  to  start  of  experiment  and 
for  the  duration  of  experiment).  Bubbling  with  N2  was  used  to  agitate  the  solution  rather 
than  a  stir  bar.  Either  of  two  experiments  was  conducted  to  characterize  sensor  response; 
cyclic  voltammetry  or  constant  potential  amperometry.  For  cyclic  voltammetry,  the  applied 
potential  was  cycled  linearly  from  0  to  500  mV  at  a  scan  rate  of  20  mV/s.  The  anodic  peaks 
of  individual  scans  were  integrated  to  determine  the  surface  coverage  or  the  total  amount  of 
charge  mediator  present  in  any  one  layer.  Constant  potential  amperometry  required  the 
preconditioning  (~  50  s)  and  operation  of  the  electrode  at  a  constant  applied  potential  of  300 
mV.  When  the  current  reached  a  baseline  in  the  absence  of  substrate,  aliquots  of  substrate 
were  added  and  step  changes  in  current  monitored  with  time.  Unless  otherwise  stated,  n  =  3 
for  all  substrate  response  curves. 

RESULTS  AND  DISCUSSION 

The  development  of  reliable  and  robust  amperometric  biosensor  arrays  is  dependent 
upon  the  miniaturization  of  sensor  features  to  increase  both  the  density  of  sensing  elements  in 
a  spatially  distinct  region  and  the  density  of  biorecognition  molecules  within  an  individual 
sensor.  Miniaturization,  however,  may  result  in  low  current  densities  and  inadequate  signal 
to  noise  ratios.  To  overcome  this  problem,  we  have  formed  redox  polymer  and  enzyme 
complexes  through  an  electrostatic  layer  by  layer  deposition  scheme,  a  technique  that  has 
been  shown  to  increase  current  densities  in  the  resulting  biosensors. [3]  This  scheme  for 
sensor  development  minimizes  the  use  of  such  components  as  retaining  membranes  or  thick 
polymer  matrices,  resulting  in  an  increased  density  of  the  primary  sensing  components, 
namely  the  enzyme  and  redox  polymer.  This  permits  rapid  and  efficient  sensor  performance, 
which  may  be  further  improved  by  chemically  crosslinking  the  multilayer  structure  by 
exposure  to  glutaraldehyde.  The  goal  of  minimizing  sensor  dimensions  was  achieved  by 
keeping  the  thickness  of  the  sensing  layers  well  under  100  A  through  repeated  attachment  of 
single  redox  polymer/enzyme  monolayers.  The  feasibility  of  depositing  these  layers  in 
micron  scale  patterns  was  then  demonstrated  using  pCP  techniques.  This  may  eventually 
permit  rapid  generation  of  multilayer  sensor  arrays. 

The  first  step  in  the  fabrication  of  these  nanocomposite  structures  was  the 
functionalization  of  a  gold  substrate  for  subsequent  layer  by  layer  deposition.  As  an 
adhesion  layer,  a  monolayer  of  MUA  with  a  pKa  of  approximately  6.5  was  adsorbed  to  the 
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gold  substrate  via  its  thiol  end  group.  At  the  buffer  pH  of  ~  7.4,  MUA  presents  the  electrode¬ 
solution  interface  with  an  initial  negative  surface  charge,  via  its  partially  deprotonated 
carboxyl  acid  groups,  with  which  to  begin  the  layer  by  layer  deposition  process.  Poly(4- 
vinylpyridine)  complexes  of  Os(bpy)2Cl2  are  highly  cationic[3]  and  will  electrostatically 
adsorb  to  the  negatively  functionalized  surface.  GOX  has  an  isoelectric  point[4]  of  ~  3  and 
LAX  has  a  pi  of  ~  4.6,  thus  at  pH  7.4,  both  enzymes  possess  a  net  negative  charge, 
permitting  their  adsorption  to  the  cationic  redox  polymer.  Alternating  deposition  of 
positively  charged  redox  polymers  and  negatively  charged  enzymes  permitted  the  buildup, 
layer  by  layer,  of  a  nanocomposite  structure. 

One  of  the  requisite  features  for  the  formation  of  well  ordered  and  defined  biosensors 
is  ability  to  tailor  the  organization  of  the  sensor  components  as  close  to  the  molecular  level  as 
possible.  With  this  goal  in  mind,  ellipsometric  data  was  obtained  after  adsorption  of 
subsequent  layers  to  verify  that  very  thin  layers  were  being  deposited  after  each  adsorption 
step.  Figure  3  shows  the  increase  in  film  thickness  upon  addition  of  each  layer  during  the 
alternate  immersions  in  polycation/polyanion  solutions.  For  glucose  enzyme  electrodes,  the 
increase  in  thickness  was  linear  with  each  addition,  with  an  R2  >  0.98.  The  average  thickness 
of  the  cationic  multilayer,  PVP-Os-AA,  was  larger,  ~  12.5  A,  than  the  average  anionic 
multilayer  (GOX),  ~  6.7  A.  GOX  from  Aspergillus  niger  in  its  native  state  is  a  globular 
glycoprotein  with  an  elliptical  shape  and  a  maximum  diameter  as  determined  by  x-ray 
crystallography  of  ~  45  A  along  its  primary  axis.[5]  However,  perpendicular  to  this  axis,  the 
diameter  is  smaller,  in  the  range  from  15  -  20  A.  Based  on  the  ~  6.7  A  increase  in  thickness 
after  GOX  adsorption,  the  enzyme  is  likely  buried  and  intercalated  within  the  redox  polymer 
thin  film.  This  is  expected  due  to  the  nature  of  the  electrostatic  interactions  between  the 
polyions  where  very  strong  multipoint  contacts  are  prevalent.  The  thickness  determined  for 
LAX  multilayers  are  almost  identical  to  those  determined  for  GOX.  The  average  thickness 
of  LAX  containing  films  were  ~  1 1  A  for  the  redox  polymer  layers  and  6.5  A  for  the  enzyme 
layers,  with  a  linear  increase  in  film  thickness  upon  the  addition  of  each  layer  (R2  >  0.98). 
Controls  were  performed  on  gold  substrates  that  were  not  functionalized  with  MUA,  and  it 
was  found  that  there  was  a  negligible  change  in  thickness  as  measured  via  ellipsometry  when 
attempting  to  deposit  both  enzyme  and/or  redox  polymer  layers. 

Cyclic  voltammetry,  shown  in  Figure  4  for  scan  rates  ranging  from  5  to  400  mV/s, 
indicated  a  formal  potential  of  -250  mV  with  a  difference  in  peak  potential  of  -  60  mV.  This 
indicated  that  the  system  is  reversible,  as  the  peak  potential  is  independent  of  the  scan  rate 
and  the  peak  current  changes  linearly  with  scan  rate  raised  to  the  one-half  power  (not  shown). 
Repeated  cyclic  voltammetry  without  the  presence  of  glucose  produced  scans  whose  peaks 
did  not  degrade  appreciably  over  time,  demonstrating  that  the  electroactive  components  were 
not  free  to  diffuse  away  from  the  electrode  surface.  Subsequently,  cyclic  voltammograms  at 
a  scan  rate  of  20  mV/s  were  used  to  characterize  the  number  of  electroactive  osmium  redox 
sites  present  in  each  layer,  an  important  criteria  for  the  assessment  of  the  sensor’s 
electrochemical  function.  This  number  was  determined  based  upon  the  cyclic 
voltammogram  of  a  wafer  with  only  a  single  redox  polymer  layer  adsorbed  (MUA/PVP-Os- 
AA).  The  area  under  the  anodic  peak  was  integrated  from  the  voltammogram,  and  used  to 
determine  the  surface  coverage  of  osmium  redox  sites  present  per  adsorbed  layer.  This 
value,  -  4.1  x  10'11  mol  cm'2,  compares  favorably  with  the  values  of  (4  to  5)  x  10'11 
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mol  cm'2  reported  for  ferrocene  monolayers[6]  and  3  x  10'"  mol  cm'2  reported  for  Os(bpy)32+ 
layers.  [7]  Based  on  the  redox  polymer  film  thickness  reported  earlier  and  the  surface 
coverage,  the  concentration  of  redox  sites  per  monolayer  is  ~  3.2  x  10  mol  cm'  . 

The  multilayer  scheme  has  distinct  advantages  over  other  types  of  sensor  fabrication 
methods  reported  in  the  literature.  Consider  specifically  the  sensing  mechanism  for 
enzymatic  catalysis  and  electron  transfer  between  polycationic  osmium  redox  polymers  and 
polyanionic  glucose  oxidase  (below). 

P-D-glucose  +  GOX(FAD)  Gluconolactone  +  GOX(FADH2) 

GOX(FADH2)  +  20s(bpy)2(vp)+2  GOX(FAD)  +  2  Os(bpy)2(vp)+1 
Os(bpy)2(vp)+2  +  Os(bpy)2(vp)+1  ->  Os(bpy)2(vp)+1  +  Os(bpy)2(vp)+2 
2  Os(bpy)2(vp)+l  ->  2e'  +  2H+  +  2  Os(bpy)2(vp)+2 

Qualitatively,  sensor  response  times  should  be  minimized  due  to  increased  proximity 
between  the  enzyme  and  charge  mediator  in  an  ordered  structure  where  enzymes  are  in  direct 
contact  with  the  redox  polymer.  Distances  much  larger  than  10  A  result  in  very  low  rates  of 
electron  transfer[8];  the  multilayer  structure  places  redox  sites  well  within  10  A  of  each  other 
and  of  enzymes. 

The  response  of  the  enzyme  electrodes  to  the  addition  of  substrate  was  characterized 
using  both  constant  potential  amperometry  and  cyclic  voltammetry.  Current  response  values 
for  nanocomposite  films  consisting  of  native  LAX  and  PVP-Os-AA  are  depicted  in  Figure  5. 
We  see  a  linear  response  for  a  multilayer  structure  consisting  MUA/PVP-Os-AA/LAX  with  a 
sensitivity  of  0.027  pA  cm'2  mM'1,  an  R2  value  of  ~  0.98  and  a  standard  deviation  of  -  12  % 
between  electrodes. 

For  a  GOX  multilayer,  we  see  a  relatively  linear  calibration  curve  from  2-20  mM 
substrate  with  a  sensitivity  of  0.015  pA  cm’2  mM"1  and  an  R2  value  of  —  0.98  (Figure  6).  The 
error  bars  indicate  a  standard  deviation  of  -  17  %  between  electrodes.  This  compares 
favorably  with  the  American  Diabetes  Association  acceptable  standard  deviation  of  15  %.[9] 
The  response  in  the  absence  of  oxygen  indicates  electron  transfer  between  GOX  and  osmium 
sites  along  with  charge  propagation  through  the  redox  polymer  to  the  electrode  surface.  In 
the  presence  of  oxygen,  the  response  is  reduced  by  -  50  %.  This  indicates,  as  expected,  that 
oxygen  does  compete  with  osmium  sites  in  the  multilayer  structure.  The  signal  to  noise  ratio 
(SNR)  was  determined  from  the  electrode  response,  under  N2,  at  6  mM  glucose  and  was 
calculated  as  the  steady  state  current  at  that  substrate  concentration  divided  by  the  standard 
deviation  of  the  current  (i.e.  the  noise).  At  6mM,  the  SNR  was  -  100,  indicating  a  relatively 
sensitive  electrode  at  physiological  glucose  levels.  As  expected  by  the  thickness  of  the 
nanocomposite  thin  film,  the  response  times  are  quite  rapid  for  both  glucose  and  lactate 
enzyme  electrodes,  with  times  to  reach  95  %  of  the  final  response  under  4  s  for  step  changes 
in  substrate  concentration  in  the  physiological  range. 

The  lactate  enzyme  electrodes  demonstrate  a  higher  response  as 
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compared  to  a  glucose  enzyme  electrode.  The  opposite  might  be  expected  since  the  glucose 
oxidase  solution  used  for  enzyme  deposition  was  approximately  2  orders  of  magnitude 
greater  in  activity  than  that  of  lactate  oxidase.  However,  one  must  consider  the  size  of  each 
of  these  macromolecules.  GOX  is  a  dimer  of  large  molecular  weight,  ~  180,000,  more  than 
twice  the  size  of  LOX,  ~  80,000.  Considering  enzyme  intercalation  in  a  highly  charged  redox 
polymer  layer,  it  is  possible  that  a  larger  amount  of  LOX  was  electrostatically  incorporated 
into  each  layer.  This  may  be  true  from  a  physical  standpoint,  as  a  larger  number  of  smaller 
spheres  (both  GOX  and  LOX  are  globular)  will  pack  into  a  given  space  than  will  larger 
spheres.  This  may  also  be  true  from  an  electrostatic  standpoint,  as  the  negative  or  anionic 
portions  of  LOX  are  potentially  more  accessible  for  electrostatic  complexation,  as  the 
enzyme  is  smaller  and  these  residues  will  more  likely  reside  near  the  surface  of  the  protein. 
This  type  of  phenomena  has  been  observed  in  the  past  where  Heller  and  colleagues[10] 
demonstrated  higher  current  densities  (~  25  -  50  %)  for  lactate  enzyme  electrodes  as 
compared  to  glucose  enzyme  electrodes  under  analogous  conditions. 

The  current  densities  determined  in  these  experiments  for  both  lactate  and  glucose 
enzyme  electrodes,  as  expected,  are  relatively  low  due  to  the  size  of  the  electrodes  used.  As 
ellipsometry  necessitated  the  use  of  larger  Au  substrates  (6.45  cm2  electrodes),  the  obtained 
current  densities  do  not  compare  favorably  to  those  present  in  the  literature,  including  studies 
reporting  10-20  pA  cm'2  mM'1  for  polymer  film  based  sensors.[ll,  12]  However,  when 
these  nanocomposite  films  were  fabricated  on  gold  microelectrodes  (d  ~  250  pm)  current 
densities  approached  1 0  pA  cm'  mM'  . 

Further  covalent  stabilization  of  the  resultant  nanocomposite  thin  films  was  desired 
not  only  to  physically  strengthen  the  film  structure,  but  also  to  eliminate  potential  desorption 
due  to  changes  in  pH,  ionic  strength  or  high  oxidation  potentials.  We  have  demonstrated  that 
extreme  changes  in  pH  are  capable  of  releasing  biomolecules  that  are  entrapped  through 
electrostatic  interactions. [5]  Other  studies  have  demonstrated  the  destruction  or  desorption 
of  SAM’s  at  negative  applied  potentials.[13,  14]  In  addition,  covalent  bonds  between  the 
layers  are  likely  to  improve  charge  transfer  rates,  and  hence,  sensor  response.  In  redox 
polymers,  electron  transfer  is  believed  to  occur  by  two  primary  mechanisms;  electron 
hopping  between  redox  sites  and  routing  along  polymer  chains.  Although  imparting  covalent 
crosslinks  may  suggest  a  decrease  in  redox  polymer  flexibility  and  subsequently  reduced 
conductivity,  crosslinking  of  the  multilayer  structure  likely  decreases  the  distance  between 
enzyme  active  sites  and  redox  sites  while  providing  additional  direct  routes  of  charge 
transfer,  both  from  the  enzyme  to  redox  sites,  and  between  redox  sites  via  self-exchange.  [15] 

To  further  stabilize  the  structure,  previously  tested  GOX  enzyme  electrodes  were 
chemically  crosslinked  by  exposure  to  glutaraldehyde  vapors  where  it  is  anticipated  that 
arginine  and  lysine  residues  of  the  enzyme  will  react  with  amines  present  on  the  redox 
polymer.  Figure  6  also  shows  that  there  is  an  increase  in  current  density  upon  crosslinking 
with  glutaraldehyde  as  opposed  to  non-crosslinked  films,  with  an  average  increase  of  -  60  %. 
The  standard  deviation  for  electrodes  based  on  crosslinked  multilayer  structures  was  -  1 3  % 
between  electrodes.  With  an  R2  -  88  %,  the  response  is  not  as  linear  as  that  for  the  non- 
crosslinked  films.  This  appears  to  indicate  that  the  Michaelis-Menten  enzyme  kinetics  of  the 
enzyme  become  rate  limiting  in  the  electrode  reactions  when  the  nanocomposite  film  is 
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crosslinked,  possibly  due  to  improved  electron  transfer  between  the  redox  polymer  and 
enzyme.  These  crosslinked  films  were  able  to  retain  nearly  100  %  of  their  activity  for  a 
minimum  of  three  weeks  when  refrigerated  (tested  up  to  four  weeks  of  retained  activity),  as 
opposed  to  a  maximum  of  two  weeks  for  non-crosslinked  nanocomposites. 

With  the  goal  of  achieving  spatially  distinct  and  individually  addressable  biosensor 
array  members,  patterns  of  the  multilayers  were  generated  using  the  microcontact  printing 
technology  developed  by  Whitesides  et  al.[2]  Stamps  for  pCP  were  fabricated  by  depositing 
and  curing  PDMS  on  a  photolithographically  generated  master  -  a  USAF  test  grid, 
consisting  of  rectangles  and  numbers  of  varying  size.  The  scheme  for  patterning  is  depicted 
in  Figure  7,  with  a  resultant  pattern  shown  in  Figure  8.  The  bars  shown  here  have  the  critical 
lateral  dimensions  of  ~  280  and  150  pm.  This  is  true  for  both  of  the  distinctly  visible  regions 
-  those  containing  the  multilayer  structure  and  the  bars  blocked  with  C16-SH.  Features  as 
small  as  10  pm  have  been  identified,  and  1  -  2  pm  features  are  feasible  using  this 
technique. [2]  Analogous  to  typical  optical  lithography  techniques,  the  resulting  film  would 
be  a  “positive”  pattern,  as  the  regions  stamped  do  not  contain  the  multilayer  sensing 
nanocomposite.  If  MUA  or  some  other  surface  functionalizing  agent  were  stamped  instead 
of  the  blocking  agent,  or  if  an  inverted  stamp  were  fabricated,  a  “negative”  pattern  could  be 
generated.  This  type  of  patterning  may  be  utilized  for  the  generation  of  redundant  sensor 
arrays  based  upon  nanocomposite  electrostatic  multilayers  in  the  future. 

DEVELOPMENT  OF  REDUNDANT  GLUCOSE  AND  LACTATE  SENSOR 

ARRAYS 

Glucose  and  lactate  sensor  arrays  have  been  fabricated  by  depositing  electrostatically 
complexed  monolayers  on  lithographically  patterned  gold  electrodes.  Initially,  standard 
photolithographic  techniques  combined  with  metal  deposition  were  used  to  fabricate  gold 
arrays.  These  arrays  were  first  functionalized  with  a  negative  surface  charge  through 
chemisorption  of  1 1  -mercaptoundecanoic  acid  (MUA)  followed  by  electrostatic  attachment 
of  a  cationic  osmium  redox  polymer  and  anionic  enzymes,  either  glucose  oxidase  (GOX)  or 
lactate  oxidase  (LAX).  Sensor  function  was  characterized  with  cyclic  voltammetry  for  both 
glucose  and  lactate  enzyme  electrodes.  Standard  deviations  of  ~  18  %  (glucose)  and  20  % 
(lactate)  were  determined  for  the  enzyme  electrodes  with  n  =5  array  members  in  all  cases. 
Furthermore,  the  potential  problem  of  crosstalk  was  addressed  by  subsequently  testing  one 
array  member  and  then  that  array  member  in  conjunction  with  an  adjacent  sensor.  The  two 
sensors  gave  a  value  nearly  two  times  (1.95  X)  that  of  the  individual  array  member.  This 
result  not  only  eliminated  crosstalk,  but  also  further  demonstrated  the  reproducibility  inherent 
with  this  scheme  of  sensor  array  development. 

EXPERIMENTAL  METHODS 

Glucose  oxidase  (GOX,  EC  1.1. 3.4,  Type  X-S,  128  units/mg  solid  from  Aspergillus 
niger ),  was  obtained  from  the  Sigma  Chemical  Co.  (St.  Louis,  MO).  Ammonium 
hexachloroosmate(IV),  1 -hexadecanethiol  (C16-SH),  1 1 -mercaptoundecanoic  acid  (MUA), 
2,2’-azobisisobutyronitrile  (AIBN),  poly(4-vinylpyridine),  and  2,2’-dipyridyl  (bpy)  were 
obtained  from  the  Aldrich  Chemical  Co.  (Milwaukee,  WI).  Dextrose,  methanol,  ethyl 
alcohol,  ethylene  glycol  and  acetonitrile  were  obtained  from  Fisher  Scientific  Co. 
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(Pittsburgh,  PA).  All  reagents,  unless  otherwise  stated,  were  used  as  received.  Phosphate 
buffered  saline  (PBS)  solution  was  composed  of  1.1  mM  potassium  phosphate  monobasic,  3 
mM  sodium  phosphate  dibasic  heptahydrate  and  0.15  M  NaCl  in  18  MQ*cm  deionized  water 
(E-pure,  Barnstead).  Shipley  Microposit  STR1045  positive  photoresist  (G  line),  Microposit 
452  Developer  and  Microposit  Remover  were  purchased  from  MicroChem  Corp.(Newton, 
MA). 

The  equipment  for  electrochemical  analysis  included  a  CV-50W  Voltammetric 
Analyzer  (Bioanalytical  Systems),  a  C2  Cell  Stand,  a  Ag/AgCl  reference  electrode  and  a 
platinum  counter  electrode.  The  electrochemical  apparatus  was  controlled  and  data  acquired 
using  a  Toshiba  Pentium  PC.  Ellipsometry  was  performed  using  a  Gaertner  LSE  Stokes 
Ellipsometer  (Gaertner  Scientific  Corp.,  Chicago,  IL).  Film  thickness  and  refractive  indices 
were  calculated  using  Gaertner  software,  utilizing  a  film  model  that  assumed  a  refractive 
index  (nf)  of  1.46.  All  measurements  were  made  using  a  He/Ne  (633.8  nm)  laser  and  a  70.00 
+/-  0.02°  angle  of  incidence.  Scanning  electron  microscopy  (SEM)  was  performed  with  a 
JEOL  T330A  electron  microscope  with  a  magnification  range  of  15-20000x  and  a  resolution 
of  4.5  nm.  Spin  coating  was  performed  using  a  P-6000  spin  coater  (Integrated  Technologies, 
Inc.,  Acushnet,  MA).  Softbake  was  performed  on  a  Thermolyne  1900  hot  plate 
(Bamstead/Thermolyne,  Dubuque,  IA).  Photomasks  were  obtained  from  Advance 
Reproductions  (North  Andover,  MA). 

Si  wafers  (2  in  diameter,  (111),  n-doped,  500  pm  thick)  were  purchased  from  Wafer 
World,  Inc.  (St.  Petersburg,  FI).  The  wafers  were  treated  with  a  Buffered  Oxide  Etch  (BOE) 
to  remove  any  residual  native  oxides  or  organics  from  the  surface.  They  were  then  washed 
with  deionized  water  and  dried  under  flowing  nitrogen.  Subsequently,  the  wafers  were 
placed  in  a  quartz  boat  and  put  in  a  N2  purged  oxidation  furnace.  Initially,  ~  500  A  of  dry 
oxide  was  grown  through  oxidation  at  1100  °C  for  thirteen  minutes.  The  oxygen  flow  was 
then  diverted  through  a  bubbler  resulting  in  a  water-saturated  O2  stream.  The  wafers  were 
exposed  to  this  new  stream  for  34  minutes  reasulting  in  5000  A  of  wet  oxide.  Lastly,  100  A 
of  additional  dry  oxide  were  grown  to  cap  off  the  wet  oxide.  In  effect,  this  resulted  in  a  high 
quality  insulating  layer  by  alternating  between  wet  and  dry  modes  of  oxidation. 

After  growth  of  the  oxide  layers,  the  lithographic  patterning  of  gold  was  performed. 
As  a  first  step,  hexamethyldisilazane  (HMDS)  was  spun  onto  the  substrate  to  improve 
photoresist  adhesion.  Next,  a  positive  photoresist  (Shipley  Microposit  STR1045)  was 
deposited  onto  the  substrate  surface  at  a  coverage  of  approximately  1  ml/in  and  subsequently 
spun  down.  The  Si  substrate  was  then  softbaked  on  a  hotplate  for  approximately  two  minutes 
at  a  temperature  of  100  °C  to  drive  off  as  much  remaining  solvent  as  possible.  Upon  cooling 
to  room  temperature,  a  photomask  was  placed  in  contact  with  the  hardened  photoresist  in 
preparation  for  pattern  generation  via  contact  printing.  The  mask  was  then  exposed  to  365 
nm,  20  W/cm2  UV  light  for  ~  0.5  s  and  subsequently  placed  in  a  developer  solution 
(Microposit  452  )  for  3  -  4  minutes  to  remove  portions  of  the  photoresist  that  were  exposed 
to  UV  light  resulting  in  a  distinct  pattern  of  photoresist  on  the  Si  surface.  Chrome  (200  A) 
was  then  deposited  as  an  adhesion  layer,  followed  by  deposition  of  gold  (1000  A)  via  sputter 
coating  (Lance  Goddard  Associates,  Foster  City,  CA)  over  the  entire  substrate.  The 
photoresist  was  subsequently  stripped  (Shipley  Microposit  Remover)  leading  to  the 
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lift-off  of  gold  from  all  non-pattemed  areas.  This  results  in  a  spatially  distinct  pattern  of  gold 
with  two  primary  functions;  gold  array  members  that  serve  as  electrodes  and  thin  gold  lines 
serving  as  leads  to  contact  pads.  Finally,  wires  were  attached  to  contact  pads  by  soldering  for 
connections  during  electrochemical  experiments.  A  schematic  depicting  this  lithographic 
process  is  present  in  Figure  9,  along  with  a  corresponding  schematic  in  Figure  10. 

The  scheme  employed  for  the  synthesis  of  the  polycationic  redox  polymer, 
poly[vinylpyridine  Os(/>A-bipyridine)2Cl]-co-allylarnine  (PVP-Os-AA),  has  been  outlined 
previously.  [16] 

Electrode  arrays  were  functionalized  with  a  negative  surface  charge  by  immersing  in 
1  mM  MUA  (ethanol)  for  20  min.  The  substrates  were  washed  with  ethanol  and  dried  under 
N2.  The  arrays  were  then  alternately  exposed  to  a  polycationic  10  mg/mL  solution  of  PVP- 
Os-AA  for  ~  20  min  and  a  polyanionic  solution  of  GOX  (10  mg/mL  in  PBS)  or  LAX  (0.7 
mg/mL  in  PBS)  for  ~  40  min.  In  between  immersions,  the  substrates  were  rinsed  with  0.1  M 
PBS  and  dried  under  flowing  N2.  This  process  is  depicted  in  Figure  1 1 . 

Array  members  were  tested  in  a  cell  of  volume  approximately  1  ml  containing  0. 1  M 
PBS  degassed  with  N2  (15  min  prior  to  start  of  experiment,  for  duration  of  experiment)  and 
also  containing  Pt  counter  and  Ag/AgCl  reference  electrodes.  Rather  than  use  a  stir  bir, 
degassing  with  N2  agitated  the  solution  and  provided  convection.  Cyclic  voltammetry,  from 
0  to  500  mV  (vs.  Ag/AgCl)  was  performed  to  characterize  sensor  response  at  a  scan  rate  of 
20  mV/s. 

RESULTS  AND  DISCUSSION 

In  vivo  biosensing  applications  require  sensors  that  may  be  fabricated  in  a 
reproducible  manner  and  function  with  a  high  degree  of  accuracy.  This  work  explores  the 
lithographic  fabrication  of  gold  electrode  arrays  for  use  as  redundant  glucose  and  lactate 
sensors.  Upon  establishment  of  reproducible  fabrication,  the  electrodes  were  functionalized, 
first  with  a  negative  surface  charge,  and  subsequently  with  a  cationic  redox  polymer  and  an 
anionic  enzyme.  The  response  of  array  members  within  one  array  is  compared  to  assess  a 
standard  deviation  for  the  operating  range  of  array  members.  In  addition,  responses  of 
multiple  array  members  linked  together  are  compared  to  that  of  a  single  array  member  to 
demonstrate  that  the  array  members  do  not  suffer  from  signal  crosstalk. 

An  SEM  of  a  representative  electrode  array  is  depicted  in  Figure  12.  Each  of  the  five 
individually  addressable  array  members  of  the  electrode  arrays  was  500  pm  in  diameter 
while  each  lead  was  10  pm  wide.  The  array  members  appeared  to  be  smooth  with  well- 
defined  edges.  No  discontinuities  were  visible  between  the  leads  and  array  members  nor  was 
there  overlapping  between  leads  evident.  This  proved  to  be  a  very  reproducible  process  as 
numerous  defect-free  electrode  arrays  of  the  same  geometry  were  fabricated. 

Placement  of  the  array  members  is  an  important  issue.  They  must  not  be  so  close 
together  that  the  individual  electrodes  improperly  mimic  one  larger  electrode.  Specifically 
the  rules  indicated  in  Equations  1  and  2[17] 
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Equation  (1)  - 
Equation  (2) 


d»  2r0 
d  =2r0 

serve  as  excellent  preliminary  guidelines  when  designing  a  sensor  array.  In  these  equations, 
d  refers  to  the  distance  between  array  members  and  r0  refers  to  the  radius  of  the  electrode. 
The  electrode  arrays  generated  in  this  work  have  electrodes  with  an  r0  of  250  pm  and  a  d  of 
1000  pm.  The  inter-electrode  distance  is  therefore  placed  at  an  adequate  value,  as  it  is  two 
times  greater  than  2r0.  Therefore  it  is  likely  that  the  electrodes  will  function  independently 
with  no  cross-talk  present. 

The  scheme  used  for  fabrication  of  these  sensors  is  based  upon  electrostatic  attraction 
of  an  osmium  redox  polymer  and  GOX  or  LAX.  First,  the  electrode  surface  was 
functionalized  with  MUA  where  the  -thiol  end  group  was  chemisorbed  to  gold.  The 
carboxylic  acid  end  group  of  MUA  presented  the  solution-electrode  interface  with  a  net 
negative  charge,  assuming  that  with  a  pKa  of  6.5[18]  the  acid  group  is  at  least  partially 
deprotonated  at  a  pH  of  7.4.  Polycationic  osmium  derivatives  are  known  to  be  cationic[3]  at 
neutral  pH  and  have  been  electrostatically  adsorbed  to  the  negatively  functionalized  surface. 
Subsequent  deposition  of  anionic  GOX[4]  with  an  isoelectric  point  of  ~  3.0  or  LAX  with 
isoelectric  point  ~  4.6  was  then  possible  to  the  positively  charged  surface.  This  process  was 
then  repeated  as  desired  to  deposit  multiple  layers.  The  resultant  electrostatic  attraction  was 
found  to  be  strong  as  sonication  was  incapable  of  detaching  individual  or  multiple  layers 
from  the  multilayer  structure.  The  presence  of  these  layers  has  been  characterized  with 
ellipsometry  in  earlier,  more  detailed  studies  on  larger  gold  substrates. [16]  As  a  brief 
synopsis,  the  MUA  layer  thickness  averaged  ~  12  A,  the  redox  polymer  layer  ~  12  A,  and  the 
enzyme  layer  ~  7  A. 

Cyclic  voltammetry  constituted  the  majority  of  electrochemical  experiments 
performed  in  this  work.  Aside  from  verifying  the  presence  of  the  redox  polymer  layers, 
cyclic  voltammetry  served  two  primary  functions;  1)  to  quantify  sensor  response  and  2) 
determine  if  there  is  any  cross-talk  phenomena  present.  With  these  goals,  a  set  of 
representative  cyclic  voltammograms,  taken  from  a  single  array  member,  is  shown  in  Figure 
13  for  scan  rates  ranging  from  20  to  100  mV/s.  A  formal  potential  of  ~  280  mV  with 
difference  in  peak  potential  of  ~  60  mV  was  obtained,  suggesting  a  very  stable  system  as 
peak  potential  was  independent  of  scan  rate.  In  addition,  these  cyclic  voltammograms  did 
not  change  appreciably  over  time  (tested  up  to  six  weeks)  indicating  that  the  electrostatically 
attached  redox  polymer  was  not  free  to  diffuse. 

The  GOX  catalyzed  reaction  scheme  may  be  represented  where  Os  sites  serve  as 
electron  relays  between  the  enzyme  and  electrode  surface  may  be  expressed  as  follows: 

P-D-glucose  +  GOX(FAD)  ->  Gluconolactone  +  GOX(FADH2) 

GOX(FADH2)  +  2(PVP-Os-AA)+2  ->  GOX(FAD)  +  2(PVP-Os-AA)+1 
(PVP-Os-AA)+2  +  (PVP-Os-AA)+l  -»  (PVP-  Os-AA)+1  +  (PVP-Os-AA)+2 
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2(PVP-0s-AA)+1  2e  +  2H+  +  2(PVP-Os-AA)+2 


GOX(FAD)  and  GOX  (FADH2)  represent  the  oxidized  and  reduced  forms,  respectively,  of 
the  enzymatic  active  site  -  flavin  adenine  dinucleotide.  The  +2  and  +1  net  charges  show  the 
redox  states  the  mediator  complex  as  a  whole  is  at.  Os  itself  would  exist  at  +3  when  the  site 
was  at  +2  or  +2  when  the  moeity  was  at  +  1.  Sensing  chemistries  incorporating  charge 
mediators  have  numerous  advantages  over  those  based  on  hydrogen  peroxide  oxidation.[19] 
For  in  vivo  applications,  oxygen,  whose  concentration  is  variable,  may  act  as  a  co-substrate. 
In  addition,  just  as  easily  as  hydrogen  peroxide  may  diffuse  towards  the  electrode  and 
become  oxidized,  it  may  diffuse  away  from  the  electrode  resulting  in  a  decreased  signal-to- 
noise  ratio. 

As  stated  earlier,  cyclic  voltammetry  was  used  to  quantify  the  response  of  the  sensors 
in  an  array  and  to  determine  the  reproducibility  between  array  members.  Figure  14  depicts 
the  average  response  from  one  glucose  sensor  array  (n  =5).  The  response  is  linear  with  an  R 
value  of  ~  0.98  and  a  sensitivity  of  0.26  pA  cm 2  mM’1 .  The  standard  deviation  between 
array  members  averages  approximately  18%.  This  value  compares  reasonably  well  with  the 
American  Diabetes  Association’s  recommended  value  of  15  %  variability  between 
sensors. [9]  In  addition,  these  sensors  operated  effectively  when  degassed  with  N2  suggesting 
mediated  electron  transfer  from  the  enzyme,  through  the  redox  polymer,  to  the  electrode 
surface.  Earlier  studies  with  electrostatically  complexed  multilayer  sensors  have 
demonstrated  that  when  degassed  with  air,  competition  with  molecular  oxygen  does  decrease 
resultant  current  densities,  typically  by  ~  50  %.[16]  Lactate  sensor  arrays,  fabricated  in  the 
same  manner  as  the  glucose  arrays,  were  also  characterized  with  cyclic  voltammetry.  The 
response  was  linear  with  an  R2  of  ~  0.96  and  a  sensitivity  of  -  0.24  pA  cm'2  mM'1(n=5).  The 
standard  deviation  between  sensors  was  slightly  higher  at  approximately  20  %. 

In  the  electrode  fabrication  section,  the  placement  of  the  array  members  has  been 
addressed  to  minimize  potential  crosstalk  problems  between  array  members.  Cyclic 
voltammetry  was  once  again  used  to  verify  whether  these  array  members  were  actually 
capable  of  functioning  independently.  Substrate  response  experiments,  under  identical 
conditions,  were  performed  with  first  only  one  array  member  and  repeated  with  two  array 
members  simultaneously  connected  as  the  working  electrode  to  the  potentiostat.  Calibration 
curves  resulting  from  these  experiments  are  depicted  in  Figure  15  for  lactate  enzyme 
electrodes.  The  result  was  an  increase  by  a  factor  of  —  1 .95  in  response  when  two  array 
members  placed  next  to  each  other  were  connected  simultaneously  as  opposed  to  either  array 
member  individually.  This  indicates  that  the  array  members  are  capable  of  functioning 
independently  and  at  relatively  consistent  values  further  validating  our  earlier  assertions 
regarding  reproducibility. 

In  the  future,  it  is  likely  that  the  scale  of  the  arrays  will  be  reduced  by  over  one  order 
of  magnitude  to  increase  resultant  current  densities.  In  addition,  deposition  of  the  sensing 
layers  will  become  much  more  precise  by  taking  advantage  of  mask  alignment 
techniques. [20] 
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SIGNAL  PROCESSING  ALGORITHMS 


Principal  component  analysis  (PCA)  has  been  used  to  examine  simulated  data  from 
redundant  biosensor  arrays  operating  properly  or  experiencing  malfunction.  Initial  cases 
focus  on  specific  mechanisms  of  sensor  failure  and  the  ability  of  PCA  to  identify  the  failed 
sensors  in  these  cases.  Effective  discrimination  of  faulty  sensors  from  those  functioning 
properly  was  demonstrated  for  individual  cases  of  completely  failed,  noisy,  biased  and 
drifting  sensors,  and  sensors  experiencing  transient  errors.  Further  cases  were  generated  to 
simulate  failure  via  multiple  mechanisms  in  one  sensor  array.  Although  PCA  on  the 
complete  data  set  was  capable  of  identifying  faulty  sensors  in  this  case,  the  specific  cause  or 
type  of  failure  could  not  be  identified.  To  identify  the  exact  problem,  a  time-based 
examination  of  sensor  function  was  implemented  in  the  form  of  PCA  on  a  time-variant  data 
set.  This  permitted  not  only  the  identification  of  faulty  sensors  within  the  array,  but  also  the 
determination  of  the  exact  mode  of  sensor  failure. 


THEORY 

A  fault  detection  and  identification  scheme  is  desired  for  application  with  redundant 
biosensor  arrays.  PCA  is  one  such  technique  that  is  capable  of  reducing  a  complex  data  set, 
with  numerous  dimensions,  to  a  simpler  one  with  fewer  dimensions  by  projecting  the  data  on 
a  new  coordinate  system.  Specifically,  PCA  is  a  mathematical  transform  that  may  be  applied 
to  a  data  matrix,  X,  in  this  case  the  data  acquired  from  a  sensor  array,  to  assess  variance  in 
the  data  set.  X  is  typically  composed  of  n  sensors  (rows)  and  m  measurements  (columns). 
For  X  with  a  set  of  k  rank  1  matrices  where  k  is  less  than  or  equal  to  the  smaller  of  ( [m,n ), 
PCA  breaks  X  into  k  rank  1  matrices  (X).  These  matrices  are  then  arranged  in  order  of 
decreasing  eigenvalue,  plus  a  residual  matrix  E.  Thus  we  have 

X  =X+  E  or  Equation  (3) 

X  =  qip,T  +  q2p2T  +  ...  +  qkPkT  +  E  =  QkPkT  +  E  Equation  (4) 

where  X  represents  the  relevant  data  in  the  principal  component  subspace  and  E  represents 
noise  or  irrelevant  information  present  in  the  residual  subspace.  [21, 22] 

These  expressions  may  be  further  simplified  to  yield  the  following  relationships 

X  =  QPT  and  E  =  QePeT  Equation  (5) 

where  Q  and  P  are  referred  to  as  the  score  and  loading  matrices,  respectively.  A  PCA 
factorization  is  therefore  able  to  take  a  data  matrix  X  and  break  it  down  into  the  latent 
variables  X  and  E.  These  variables  describe  as  much  of  the  variance  as  possible  under  the 
limits  imposed  by  the  scores  (Q)  and  loading  (P)  vectors.  Score  plots,  essentially  the  Q  of 
the  1st  principal  component  against  the  Q  of  the  2nd  principal  component,  may  then  be 
generated  to  assess  the  relationship  between  data  sets,  permitting  grouping  of  the  data. 
Loading  plots,  where  P  of  the  1st  principal  component  is  plotted  against  P  of  the  2nd  principal 
component,  may  also  be  used  to  assess  the  relative  influence  of  an  individual  variable 
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on  the  system.  Results  from  these  plots  are  similar  to  those  obtained  from  a  PLS  analysis. 
Thus  a  vector,  the  first  principal  component,  is  calculated  and  describes  the  direction  of 
largest  variance  in  the  data.  Subsequently,  further  principal  components  may  be  calculated, 
each  orthogonal  to  the  previous  one,  the  sum  of  which  describes  nearly  100  %  of  the 
observations  in  the  data  set. 

EXPERIMENTAL  METHODS 

All  PCA  calculations  were  performed  in  MATLAB  5.3  (The  MathWorks,  Inc., 
Natick,  MA).  An  experimental  data  set  from  a  subcutaneously  implanted  glucose  sensor 
initially  published  by  Quinn  et  al.,[23]  shown  in  Figure  16,  is  used  as  the  basis  for  the 
development  of  simulated  data  from  a  sensor  array  containing  both  properly  functioning  and 
malfunctioning  glucose  sensors. 

This  data  was  originally  reported  in  the  form  of  a  sensor  current  as  a  function  of  time. 
However,  to  better  illustrate  the  significance  of  sensor  errors  to  diabetes  management,  we 
transformed  the  data  to  glucose  concentration  as  a  function  of  time  using  the  following 
equation  (6). 

Glucose  (mg/dL)  =  m  *  /  Equation  (6) 

In  this  equation,  i  is  the  sensor  current  in  nA  and  m  is  the  calibration  factor  in  (mg/dL)/nA. 
The  calibration  factor  was  determined  by  a  one-point  calibration  method  using  a  blood 
glucose  measurement  and  a  sensor  current  measurement  from  the  baseline  region  prior  to 
glucose  injection  (Figure  16).  As  a  part  of  this  one-point  calibration,  a  glucose  concentration 
of  zero  was  assumed  to  produce  zero  current. 

Abnormal  variations  in  sensor  performance  were  subsequently  introduced  into  the 
data  set,  corresponding  to  the  following  types  of  failure  an  in  vivo  glucose  sensor  may 
experience:  complete  failure,  increased  noise,  bias,  drift,  and  transient  errors  (temporary 
bias).  Data  from  these  cases  typically  consisting  of  ten  sensors  with  141  data  points  each 
{(m,ri)  equal  to  (141,10)}  was  analyzed  by  PCA.  The  results  for  individual  cases  of  failure, 
as  well  as  for  an  example  containing  multiple  fault  types  within  a  given  array,  are  examined 
using  score  plots. 

RESULTS  AND  DISCUSSION 

Actual  in  vivo  glucose  monitoring  data  was  used  as  a  basis  for  the  generation  of  a 
simulated  data  set  for  a  glucose  sensor  array.  The  data  from  a  single  subcutaneously 
implanted  glucose  sensor  (Figure  1 6)  was  taken  and  reproduced,  with  ±  1 5  %  variability,  for 
a  total  of  ten  sensors,  simulating  an  array.  Failure  by  various  mechanisms  was  subsequently 
introduced  to  individual  sensors  in  the  array  and  the  resultant  data  sets  analyzed  graphically 
with  PCA  generated  score  plots.  This  was  followed  by  introducing  multiple  failures  within  a 
ten  sensor  array  and  determining  the  ability  of  PCA  to  not  only  identify  which  sensors  have 
failed,  but  distinguish  the  mechanisms  of  failure  between  failed  sensors.  Finally,  an  initial 
example  of  a  time-based  PCA  algorithm  was  implemented  capable  of  identifying  more 
effectively  not  only  failed  sensors,  but  also  the  specific  mode  of  failure. 
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Complete  Sensor  Failure 

This  mode  of  failure  is  the  case  where  a  member  of  the  sensor  array  produces  zero 
current,  or  a  current  that  does  not  change  with  variations  in  local  glucose  concentration.  [24- 
26]  In  this  case,  failure  may  be  caused  by  a  number  of  factors,  including  complete  enzyme 
deactivation,  a  failure  in  the  leads/wiring  leading  to  the  device[27]  or  an  extremely  strong 
chronic  inflammatory  response  by  the  body  that  walls  off  the  sensor  and  prevents  its 
adequate  contact  with  interstitial  fluid.  [28]  Figure  17a  shows  eight  sensors  operating 
properly  with  ±  15  %  variation  in  the  signal.  However,  two  other  sensors  in  the  array  are  not 
responsive  to  glucose.  One  failed  sensor  displays  a  glucose  measurement  partially  within  the 
bounds  of  correct  operation  (~  70  mg/dL),  as  dictated  by  the  other  eight  sensors,  while  the 
other  failed  sensor  displays  a  zero  current  response.  A  score  plot  based  upon  PCA  of  this 
data  set  is  shown  in  Figure  17b.  The  eight  sensors  working  properly  are  grouped  together 
very  closely,  while  the  failed  sensors  are  deviant  from  this  group.  The  failed  sensor 
constantly  reading  0  mg/dL  glucose  is  a  large  outlier  along  the  1st  principal  component  axis. 
The  sensor  erroneously  reading  ~  70  mg/dL  glucose  and  unresponsive  to  glucose  is  also  a 
large  outlier,  but  is  deviant  along  both  principal  component  axes,  with  variance  primarily  in 
the  2nd  principal  component  axis. 

Increase  in  Noise 

Signal  to  noise  ratio  (SNR)  is  an  important  concern  for  glucose  sensors  to  be 
implanted  in  vivo.  Increased  noise  in  glucose  sensors  may  be  induced  by  numerous  factors, 
including  electromagnetic  radiation  from  power  lines[29],  electronic  article  surveillance 
(EAS)  systems [24-26],  or  movement  of  the  patient.[30,  31]  In  this  simulated  case,  eight 
sensors  are  operating  properly  with  ±  15  %  variability  in  signal  and  two  are  operating 
incorrectly  with  ±  25  %  variability  (Figure  18a).  It  is  not  readily  apparent  visually  which 
sensors,  if  any,  are  deviant  from  those  functioning  properly.  A  score  plot  based  on  PCA  of 
this  data  set  is  presented  in  Figure  18b.  Here,  the  eight  sensors  operating  at  ±  15  % 
variability  are  grouped  together,  while  two  other  noisy  sensors  are  separated.  However,  these 
two  failed  sensors  do  not  differ  from  the  eight  properly  functioning  sensors  in  the  same 
manner.  In  the  score  plot,  the  magnitude  by  which  they  differ  from  the  set  of  correctly 
operating  sensors  is  approximately  the  same.  However,  the  directional  contributions  to  their 
respective  variations  are  quite  different.  This  is  a  reasonable  result,  as  both  failed  sensors 
increase  in  noise  by  the  same  amount,  yielding  magnitude  shifts  that  are  similar.  However, 
due  to  the  very  nature  of  noise,  the  directional  component  of  this  variation  is  random  in  both 
positive  and  negative  directions. 

Bias 

Bias  in  glucose  sensors  can  be  induced  by  a  change  in  the  working  potential  of  the 
electrode[32]  leading  to  a  precise  response  by  the  sensor  at  a  consistently  inaccurate  value. 
An  erroneously  low  or  high  measurement  by  a  glucose  meter  can  lead  to  improper  insulin 
administration  by  a  patient,  potentially  leading  to  death.  Figure  19a  shows  seven  sensors 
operating  properly  at  ±  15  %  variability.  However,  sensor  eight  is  biased  positively  by 
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50  mg/dL  glucose,  sensor  nine  is  biased  negatively  by  50  mg/dL  glucose,  and  sensor  ten  is 
biased  positively  by  200  mg/dL  glucose.  PCA  of  this  data,  presented  in  Figure  19b,  permits 
visual  identification  of  the  biased  sensors  from  those  working  properly.  The  sensors 
operating  effectively  are  all  aligned  along  the  same  1st  principal  component  with  only  minor 
variations  along  the  2nd  principal  component.  The  biased  sensors,  however,  vary  greatly 
along  the  1st  principal  component.  The  sensors  biased  to  erroneously  high  glucose  readings 
shift  positively  along  the  1st  principal  component  while  the  sensors  biased  erroneously  low 
shift  negatively  along  the  same  axis.  The  magnitude  of  the  bias  also  is  apparent  as  the  sensor 
corresponding  to  +  200  mg/dL  sensor  is  shifted  further  than  that  corresponding  to  +  50 
mg/dL  sensor.  Thus,  bias  has  both  magnitude  and  directional  components,  providing  a 
means  for  distinguishing  bias  from  noise,  which  only  has  a  magnitude  component  as 
described  earlier.  These  differences  between  bias  and  noise  modes  of  failure  will  be 
discussed  in  greater  detail  later  when  multiple  modes  of  failure  are  imparted  within  one 
sensor  array. 

Transients 

Transients  in  the  signal  from  the  biosensor  are  often  caused  by  shorts  where  the 
sensor  signal  is  temporarily  biased  or  zero,  as  may  be  induced  by  the  breakdown  of  vital 
electronic  sensor  components. [3 3]  The  longer  these  transients  persist,  the  greater  the  risk  of 
the  patient  interpreting  the  transient  as  a  correct  glucose  measurement.  Figure  20a  shows  this 
scenario  with  seven  sensors  working  appropriately  with  a  noise  of  ±  1 5  %.  However,  sensors 
eight,  nine  and  ten  experienced  transients,  corresponding  to  shifts  of  +  100  mg/dL,  -  100 
mg/dL  and  +  200  mg/dL  glucose,  respectively.  A  score  plot  based  on  this  data  is  shown  in 
Figure  20b,  and  demonstrates  the  ability  to  identify,  by  both  direction  and  magnitude, 
differences  from  normal  data.  The  +  200  mg/dL  transient  is  further  to  the  left,  along  the  1st 
principal  component,  as  opposed  to  the  +100  mg/dL  sensor.  The  -  100  mg/dL  transient  is 
shifted  in  the  opposite  direction  along  the  1st  principal  component  by  a  magnitude 
approximately  equal  to  that  of  the  +  100  mg/dL  transient.  The  case  of  transients  is  similar  to 
that  of  bias.  However,  for  similar  values,  due  to  smaller  time  duration  of  a  transient  as 
opposed  to  bias,  the  magnitude  of  the  variation  is  smaller,  with  a  similar  directional 
component. 


Sensor  Drift 

The  final  case  potentially  leading  to  sensor  failure  deals  with  the  drift  of  the  sensor 
signal.  This  may  be  caused  by  enzyme  deactivation[27,  30,  31,  34],  degradation  of  sensor 
materials[28]  or  remodeling  of  the  implant  site  by  a  chronic  inflammatory  response.  [28] 
Figure  21a  shows  seven  sensors  that  are  functioning  effectively,  however,  sensor  eight  is 
biased  positively  by  an  arbitrary  function,  sensor  nine  positively  by  a  similar  function  with  an 
increased  slope,  and  sensor  ten  drifting  negatively.  In  Figure  21b,  we  see  that  a  score  plot 
based  on  PCA  is  able  to  group  the  seven  sensors  working  effectively,  as  compared  to  the 
drifting  sensors.  Sensor  eight  is  shifted  negatively  along  the  1st  principal  component  axis. 
Sensor  nine,  larger  in  magnitude  than  eight  with  respect  to  its  deviation,  is  shifted  further  to 
the  left,  also  along  the  1st  principal  component  axis.  Finally,  sensor  10,  drifting  in  the 


18 


opposite  direction  from  the  other  two  failed  sensors,  is  shifted  positively  along  the  1st 
principal  component  axis.  As  in  the  case  of  bias,  both  magnitude  and  directional  effects  are 
apparent.  However,  difficulties  may  arise  when  attempting  to  distinguish  biased  sensors 
from  drifting  sensors.  This  will  be  further  described  in  the  following  discussion  Of  arrays 
experiencing  multiple  modes  of  failure. 


Multiple  Failures 

The  previous  examples  demonstrate  the  potential  of  PCA  to  identify  faulty  sensors 
under  cases  of  specific  failure.  In  the  earlier  discussion  two  general  types  of  failure  have 
been  identified;  those  related  to  drift,  bias  or  transients  where  magnitude  and  directional 
(positive  or  negative)  components  are  present,  and  noise  related  failure  where,  despite  the 
presence  of  a  magnitude  change,  direction  is  random.  Under  actual  in  vivo  conditions, 
however,  the  mechanism  of  failure  will  not  be  known  a  priori  and  multiple  types  of  failure 
are  possible.  Determination  of  the  specific  mode  of  failure  may  help  identify  what  kinds  of 
problems  are  present  and  how  they  may  be  remedied.  The  case  in  Figure  22a  depicts  failure 
of  an  in  vivo  glucose  sensor  array.  To  determine  the  capabilities  of  PCA  when  faced  with  a 
potential  worst  case  scenario,  this  data  set  has  an  extremely  high  failure  rate  of  60  %  (i.e.  six 
out  of  ten  sensors  have  failed).  Four  sensors  are  operating  correctly  with  noise  of  ±  5  %. 
However,  sensor  five  is  biased  by  +  20  mg/dL  glucose,  sensor  six  is  functioning  with  noise 
of  ±  50  %,  sensor  seven  is  biased  by  +  200  mg/dL  glucose,  sensor  eight  undergoes  a 
temporary  step  corresponding  to  -  100  mg/dL  glucose,  sensor  nine  is  drifting  by  some 
positive  function  and  sensor  ten  is  completely  failed  reading  0  mg/dL  glucose. 

A  PCA  score  plot  of  this  data  set  is  shown  in  Figure  22b.  As  compared  to  the  group 
of  properly  functioning  sensors  (sensors  1-4)  there  are  significant  deviations  from  this  group 
in  the  score  plot,  specifically  for  sensors  seven,  nine,  and  ten  along  the  1st  principal 
component  axis,  and  sensors  five,  six  and  eight  to  smaller  degrees  along  both  principal 
component  axes.  A  sensor  failing  in  the  positive  direction  may  be  distinguished  against  one 
failing  negatively,  if  the  deviation  from  the  group  operating  correctly  is  of  a  large  enough 
magnitude.  Sensors  seven  and  nine  deviate  positively  and  ten  negatively,  indicating  these 
sensors  are  not  failing  by  noise  related  mechanisms.  However,  distinguishing  drift  from  bias 
or  transients  is  not  possible  with  these  sensors  (specifically  sensors  five,  six  and  eight)  based 
upon  the  analysis  that  has  been  performed.  A  possible  solution  is  the  implementation  of  a 
time-based  monitoring  scheme  that  quantifies  relative  changes  in  the  principal  components. 

PCA  on  a  time  variable  data  set  may  result  in  a  complete  identification  of  the  types  of 
failures  undergone  by  sensors  in  an  array.  To  perform  this  analysis,  the  data  set  shown  in 
Figure  22a  was  separated  into  seven  ten  minute  segments  (total  experiment  time  ~  70 
minutes).  Thus,  each  data  subset  consisted  of  10  sensors  with  approximately  20  data  points, 
or  ( m,n )  ~  (20,10).  PCA  analyses  were  performed  on  data  from  each  of  the  time  segments, 
and  the  relevant  1st  and  2nd  principal  components  were  recorded  for  these  sets  and  plotted 
against  time  as  is  shown  in  Figures  23a  and  23b. 

Figure  23  a  shows  the  Is1  principal  component  as  a  function  of  time  for 
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the  four  sensors  operating  properly  at  a  ±  5  %  variation  level  and  six  malfunctioning  sensors. 
A  sensor  biased  by  +  20  mg/dL  can  be  observed  as  slightly  positive,  of  those  working 
properly.  Sensor  eight  with  a  temporary  negative  step  may  be  identified  by  its  temporary 
deviation  along  the  1st  principal  component  before  returning  to  values  matching  that  of  the 
effective  sensors.  Sensor  nine,  drifting  positively,  displays  a  steady  increase  along  the  1st 
principal  component  axis.  Sensor  ten,  at  0  mg/dL,  and  sensor  seven,  biased  by  +  200  mg/dL, 
are  shifted  positively  and  negatively,  respectively,  along  the  1st  principal  component. 
Sensors  seven  and  ten  indicate  a  consistent  1st  principal  component  until  they  shift  at 
approximately  the  time  of  a  glucose  bolus,  due  to  the  change  in  their  relative  errors  as  the 
correct  glucose  sensor  readings  increase  with  increasing  blood  glucose.  The  failed  sensor 
displaying  0  mg/dL  glucose  is  shifted  further  away  from  the  sensors  operating  effectively,  as 
is  expected  considering  the  magnitude  of  the  error  increases.  The  sensor  biased  by  a  reading 
of  +  200  mg/dL  shifts  closer  to  the  sensors  operating  effectively,  which  is  expected  as  the 
relative  importance  of  a  200  mg/dL  error  decreases  during  the  glucose  spike. 

The  one  sensor  that  cannot  necessarily  be  identified  by  the  1st  principal  component  is 
sensor  six,  displaying  a  large  variation  in  signal  of  ±  50  %.  The  error  in  this  sensor  can  be 
seen  in  a  plot  of  the  2nd  principal  component  against  time,  Figure  23b,  through  variations  that 
are  both  positive  and  negative,  from  those  sensors  operating  effectively.  As  per  earlier 
results  shown  in  Figures  19a  and  b  for  failure  induced  by  increased  noise,  there  appears  to  be 
no  directional  component  for  the  noisy  sensor  in  this  data  set,  thus  random  noise  imparts  only 
a  magnitude  component.  Figure  23b  also  demonstrates  temporary  negative  shifts  for  the 
failed  sensors  reading  +  200  mg/dL  and  0  mg/dL  at  the  time  of  the  glucose  bolus,  analogous 
to  the  shifts  that  we  see  along  the  1st  principal  component. 

The  majority  of  sensors  failing  by  a  drift  or  bias  related  mechanism  may  be  identified 
simply  by  plotting  the  1st  principal  component  against  time,  as  was  shown  in  Figure  23a. 
Biased  sensors  are  permanently  offset  from  those  sensors  working  properly,  while  sensors 
experiencing  transients  undergo  only  a  temporary  deviation.  Drifting  sensors  undergo  a  slow 
yet  steady  digression  from  those  operating  effectively.  This  may  be  identified  by  PCA  of  a 
time-variant  data  set,  whereas  a  static  analysis  misinterprets  a  drifting  sensor  for  one  that  is 
biased  or  undergoing  a  transient.  The  simplest  category  of  failed  sensor  to  identify  consists 
of  those  having  undergone  complete  failure  as  the  relative  error  of  these  sensors  changes 
significantly  with  changes  in  glucose  concentration.  The  mechanism  of  failure  is  not  readily 
apparent  in  a  plot  of  the  1st  principal  component  against  time  is  that  of  increased  noise.  This 
is  because  random  noise  has  only  a  magnitude  component  and,  unlike  all  other  mechanisms 
of  failure,  has  a  random  directional  component.  Noise  may  only  be  identified  as  having  a 
magnitude  shift  along  the  2nd  principal  component,  indicating  that  noise  does  not  contribute 
as  significantly  to  sensor  error  as  does  a  bias  related  failure.  However,  this  is  only  true  for 
this  data  set  and  will  not  necessarily  apply  to  other  groups  of  sensors. 

OPTICAL  MICROSENSOR  ARRAYS 

We  present  a  new  approach  for  microfabrication  of  biosensor  arrays  based  upon 
polyethylene  glycol)  diacrylate  (PEG)  hydrogels  patterned  photolithographically  on  silicon 
substrates.  An  oxidized  silicon  surface  was  treated  with  3-(trichlorosilyl)propyl  methacrylate 
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to  form  a  self  assembled  monolayer  (SAM)  with  pendant  acrylate  groups.  SAM  presence  on 
the  silicon  wafer  was  verified  using  ellipsometry  and  Time-of-Flight  secondary  ion  mass 
spectrometry  (TOF  SIMS).  A  solution  containing  PEG  and  a  photoinitiator  2,2-dimethoxy- 
2 -phenyl-acetophenone  (DMPA)  was  spin-coated  onto  the  acrylated  silicon  wafer.  The 
polymer  layer  was  then  covered  with  a  photo  mask  and  exposed  to  365  nm  ultraviolet  (UV) 
light.  Areas  exposed  to  the  UV  light  cross-linked  via  free  radical  polymerization;  the 
resulting  hydrogel  network  was  insoluble  in  the  developer  solution.  Arrays  were  then 
developed  with  toluene  and  water,  or  supercritical  CO2.  In  both  cases,  the  result  was 
immobilization  of  three-dimensional,  cross-linked  PEG  array  elements  on  a  silicon  surface. 
Individual  array  member  sizes  were  varied  from  600  pm  to  5  pm  by  use  of  different  masks; 
in  the  latter  case  as  many  as  400  elements  were  generated  in  a  1  mm2  square  pattern.  The 
resultant  hydrogel  patterns  were  hydrated  for  as  long  as  three  weeks  without  considerable 
delamination  or  deformation  of  the  elements. 

To  examine  possible  sensing  applications,  patterns  containing  disks  with  immobilized 
SNAFL-modified  glucose  oxidase  were  prepared.  Film  pH  sensitivity  was  verified  by 
immersing  the  SNAFL-containing  hydrogel  elements  into  acidic  and  basic  buffer  solutions. 
The  maximum  fluorescent  emission  wavelength  shifted  as  a  result  of  the  microenvironment 
pH  changes. 

EXPERIMENTAL  SECTION 

Poly(ethylene  glycol)  diacrylate  (PEG-DA,  MW  575),  2,2’-  dimethoxy-2-phenyI- 
acetophenone  (DMPA),  anhydrous  carbon  tetrachloride,  anhydrous  toluene,  and  n-heptane 
were  purchased  from  Aldrich  Chemical  Co. (Milwaukee,  WI).  3-(trichlorosilyl)propyl 
methacrylate  (TPM)  was  obtained  from  Fluka  Chemicals  (Milwaukee,  WI).  Hydrogen 
peroxide  was  purchased  from  EM  Science  (Gibbstown,  NJ).  Sulfuric  acid  was  obtained  from 
Fisher  Scientific  (Fair  Lawn,  NJ).  Glucose  Oxidase,  potassium  phosphate  monobasic, 
sodium  phosphate  dibasic  heptahydrate,  and  sodium  chloride  were  purchased  from  Sigma 
Chemical  Company  (St.  Louis,  MO).  Carbon  dioxide  of  97.7%  purity  was  purchased  from 
Botco  (Bryan,  TX).  The  succinimidyl  ester  varient  of  5-(and-6)-carboxy  SNAFL-1  was 
purchased  from  Molecular  Probes  (Eugene,  OR).  All  reagents  were  used  as  received.  Four 
inch  diameter,  (111),  n-doped  silicon  wafers  with  thickness  of  approximately  500  pm,  were 
purchased  from  Wafer  World,  Inc.  (West  Palm  Beach,  FL).  One-tenth  molar  phosphate 
buffered  saline  (PBS)  consisted  of  1.1  mM  potassium  phosphate  monobasic,  3  mM  sodium 
phosphate  dibasic  heptahydrate,  and  0.15  M  NaCl  in  18  MQ»cm  deionized  water  (E-pure, 
Bamstead,  Dubuque,  IW). 

Photopolymerization  was  performed  using  365  nm,  20  W/cm2  light  source  (EFOS 
Ultracure  lOOss  Plus,  UV  spot  lamp,  Mississauga,  Ontario).  Scanning  electron  microscopy 
(SEM)  was  performed  with  a  JEOL  T330A  at  15  kV  (JEOL  ,Ltd.,  Peabody,  MA).  Before 
SEM  characterization,  substrates  were  attached  to  aluminum  mounts  with  carbon  tape  and 
coated  with  gold  to  a  thickness  of  200A.  A  Veeco  Dektak3  (Veeco  Instruments,  Plainview, 
NY)  profilometer  was  employed  to  obtain  height  of  individual  array  members.  A  Zeiss 
Axiovert  135  microscope  equipped  with  an  integrated  CCD  camera  and  fluorescent  optical 
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package  (Carl  Zeiss  Inc.,  Thosmwood,  NY)  was  used  to  determine  lateral  dimensions  of 
individual  array  elements  and  examine  element  fluorescence.  FITC  and  TRITC  microscope 
fluorescence  filters  with  excitation  and  emission  wavelengths  of  480  ±  30  nm  /  535  ±  40 
(FITC)  and  540  +  25  nm  /  605  +  50  nm  (TRITC)  were  used  when  observing  the  fluorescent 
nature  of  the  dye-encapsulated  spheres.  Fluorescent  spectra  of  the  SNAFL-Glucose  Oxidase 
conjugates  were  recorded  using  a  fluorescence  spectrometer  (QM-1,  Photon  Technology 
International,  Monmouth  Junction,  NJ).  The  supercritical  CO2  (SC-CO2)  apparatus  was 
assembled  in-house.  A  Gaertner  L2W26D  ellipsometer  (Gaetner  Scientific  Corp.,  Chicago, 
IL)  was  used  for  thickness  measurements.  Film  thickness  was  calculated  using  Gaertner 
software  assuming  a  refractive  index  (nf)  of  1.46.  Measurements  were  made  using  a  He/Ne 
(633.8)  red  laser  at  a  70.00  ±0.02  angle  of  incidence.  Attenuated  total  reflectance/Fourier 
transform  infrared  (ATR/FTIR)  spectroscopy  was  performed  using  a  Mattson  5020 
spectrophotometer  with  a  ZnSe  crystal  (Spectra-Tech  Inc.,  Shelton,  CT).  Time-of-Flight 
Mass  Spectroscopy  (TOF  SIMS)  was  achieved  by  bombarding  silicon  wafers  with  252Cf 
fission  fragments.  Both  negative  and  positive  secondary  ion  (SI)  species  were  analyzed 
under  the  same  experimental  conditions.  Bias  voltage  for  SI  species  was  ±  4  kv.  The 
chrome  sodalime  photomasks  used  for  patterning  of  the  arrays  was  obtained  from  Advance 
Reproductions  (Andover,  MA).  USAF  negative  target  mask  was  purchased  from  Melles 
Griot  ( Irvine,  CA) 


Surface  functionalization 

Silicon  wafers  were  cut  into  0.5  in.  or  lin.  squares  and  washed  in  ethanol  to  remove 
silicon  dust  from  the  surface.  Wafers  were  then  exposed  to  365  nm  UV  radiation  for  15  min. 
to  remove  organic  residues.  After  washing  with  distilled  water  and  drying  under  N2,  the 
samples  were  immersed  in  “piranha”  solution  consisting  of  3:1  ratio  of  30%  w/v  aqueous 
solutions  of  H2SO4  and  H2O2  ( caution :  this  mixture  reacts  violently  with  organic  materials 
and  must  be  handled  with  extreme  care).  Wafers  were  again  washed  with  distilled  water  and 
dried  under  N2  after  the  completion  of  the  “piranha”  step.  Substrates  were  then  reacted  for  5 
minutes  at  room  temperature  in  a  1  mM  solution  of  TPM  in  4:1  ratio  of  heptanexarbon 
tetrachloride.  Both  solution  preparation  and  reaction  were  conducted  under  a  N2  atmosphere 
in  a  glovebag,  to  prevent  the  highly  hygroscopic  trichlorosilane  compound  from  reacting 
with  atmospheric  moisture.  After  the  reaction,  funtionalized  wafers  were  washed  with 
heptane  and  distilled  water. 

Preparation  of  SNAFL-GOX 

SNAFL-conjugated  glucose  oxidase  was  prepared  by  reacting  the  succinimidyl  ester 
activated  version  of  SNAFL-1  (1  mg  of  dye  dissolved  in  100  pi  of  DMSO)  with  the  lysine 
residues  present  on  Glucose  Oxidase  dissolved  in  100  mM  PBS  (adjusted  with  NaOH  to  pH 
8.2).  Unreacted  dye  was  separated  overnight  by  dialysis.  Final  enzyme  concentration  was 
approximately  2  mg/mL. 

Fabrication  of  elements 
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Fluorescent  PEG-DA  elements  were  prepared  from  a  precursor  solution  of  10  mg 
DMPA  dissolved  per  mL  of  PEG-DA.  This  precursor  solution  was  spin  coated  at  4000  rpm 
onto  a  surface  of  an  acrylated  wafer,  forming  a  uniform  polymer  layer.  This  layer  ,  was 
covered  with  a  photo  mask  and  exposed  to  365  nm  UV  light  for  0.6  sec.  The  mask  was 
aligned  as  close  to  the  substrate  surface  as  possible  without  coming  in  contact  with  the 
polymer  layer.  Areas  exposed  to  UV  light  underwent  free  radical  polymerization  and 
subsequent  cross-linking,  thus  becoming  insoluble  in  the  developer.  Finally,  patterns  were 
developed  by  washing  away  uncrosslinked  PEG-DA  with  anhydrous  toluene  and  distilled 
water. 

Supercritical  CO2  development  of  patterns 

Alternatively,  development  of  array  elements  was  performed  using  SC-CO2  to 
remove  unpolymerized  PEG-DA  from  the  surface  (see  Figure  24).  A  similar  fabrication 
procedure  was  followed  as  described  in  the  previous  section  up  to  the  development  step. 
After  UV-exposure,  the  wafers  were  placed  into  a  316-stainless  steel  pressure  cell 
constructed  from  a  2-in.  by  2-in.  long  cylinder  with  a  1.125-in.  bore.  The  pressure  cell  was 
pressurized  to  80  bar  with  CO2  by  a  miniPump  metering  pump,  (model  number  870046,  from 
Thermo  Separation  products,  Riviera  Beach,  FI).  The  temperature  of  the  pressure  cell  was 
maintained  at  35°C  by  a  heating  mantle  (Rope  Heater  FGR-030,  from  Omega,  Stamford,  CT) 
equipped  with  a  temperature  controller  (model  CN  76000,  from  Omega.  Stamford,  CT). 
Once  the  pressure  of  80  bar  was  achieved,  isobaric  conditions  were  maintained  by  a  back¬ 
pressure  regulator  (model  number  26-1722-24-161,  obtained  from  Tescom  Corporation,  Elk 
River,  MN).  A  CO2  flow  rate  of  150  ml/hr  was  maintained  for  2  h.  by  a  LC-5000  Syringe 
Pump  (Isco,  Lincoln,  NE).  Wafers  were  washed  with  distilled  water  upon  completion  of  the 
development  process. 

Fluorescence  Detection 

Fluorescent  PEG-DA  elements  were  prepared  from  a  precursor  solution  of  10  mg  DMPA 
and  50  pi  of  SNAFL-GOX  per  mL  of  PEG,  following  the  procedure  outlined  previously. 
Fluorescence  of  SNAFL-GOX  containing  elements  was  examined  using  FITC  and  TRITC- 
filtered  light  on  the  fluorescence  microscope.  The  silicon  wafer  containing  the  array 
elements  was  placed  on  a  glass  slide  coverslip,  and  examined  for  fluorescence.  Wafer 
elements  were  exposed  to  solutions  of  0.1  M  PBS,  adjusted  to  pH  12.5  and  5.5  with  NaOH 
and  HC1,  for  approximately  five  minutes  to  alter  array  element  pH.  Elements  were  first 
examined  in  a  dehydrated  state  after  the  toluene  wash;  they  were  then  hydrated  in  0.1  M  PBS 
and  exposed  to  the  acidic  and  basic  solutions. 

RESULTS  AND  DISCUSSION 

We  are  presenting  novel,  microfabricated  PEG-DA  hydrogel  patterns  grafted  onto  planar 
surfaces.  While  some  efforts  have  been  directed  toward  grafting  of  PEG  onto  planar 
surfaces,  we  propose  to  combine  grafting  with  photolithographic  patterning  of  the  graft 
polymer  in  a  single  step  procedure. 
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Surface  functionalization 

In  the  initial  experiments  PEG-DA  patterns  were  generated  on  silicon  surfaces  treated 
with  piranha  only.  While  patterns  could  be  developed,  surface  attachment  was  very  poor  and 
array  elements  easily  delaminated  upon  hydration.  As  a  solution  to  this  problem,  the 
principle  of  self-assembly  of  alkyltrichlorosilanes  on  SiCVSi  surfaces  was  used.  This 
technique  is  a  fast  and  effective  way  to  form  dense,  self-assembled  monolayers  (SAM)  on 
silicon  surfaces.  Self-assembly  is  believed  to  occur  at  the  hydrated  silicon  surfaces  via 
reaction  between  chlorosilane  functionalities  and  hydroxy  groups  as  shown  in  Eq.  8: 

Cl-SiR  +  H-O-Si  -»  Si-O-SiR  +  HC1  (8) 

Result  of  the  reaction  is  formation  of  a  dense  monolayer  containing  strong  Si-O-Si 
bonds  in  both  perpendicular  and  horizontal  directions  with  respect  to  the  surface,  as 
illustrated  by  Figure  25.  Presence  of  a  thin,  10-15  A,  water  layer  at  the  silicon  surface  has 
been  reported  to  be  very  important  for  the  creation  of  the  two-dimensional  bond  structure  of 
the  monolayer.  “Piranha”  pretreatment  is  used  to  ensure  that  such  a  layer  is  present  after 
irradiation  with  UV  light.  Upon  hydration,  surfaces  were  exposed  to  a  solution  of  TPM  in 
heptane  and  carbon  tetrachloride.  Carbon  tetrachloride  serves  to  stabilize  polar  SiCfi  groups 
of  the  coupling  agent,  while  heptane  length  matches  well  with  an  allyl  chain  of 
trichlorosilanes,  making  it  a  good  solvent  for  TPM. 

Treated  surfaces  were  found  to  be  highly  hydrophobic  which  indicated  that  surface 
modification  took  place,  since  untreated  surfaces  were  hydrophilic.  Ellipsometry 
measurements  yielded  thickness  measurements  of  14  ±  3A,  pointing  to  the  presence  of  a 
single  monolayer  on  the  silicon  surface. 

Composition  of  the  monolayer  was  further  characterized  with  TOF  SIMS.  The 
plasma  desorption  mass  spectroscopy  (PDMS)  technique  was  employed  for  analysis  of 
functionalized  silicon  surfaces.  This  technique  allows  fragmentation  and  release  of  large 
pieces  of  a  parent  molecule  from  the  substrate  surface.  Acrylated  and  clean  silicon  wafers 
were  bombarded  by  252Cf  fission  fragments  after  which  mass  spectra  of  positive  and  negative 
SI  species  were  collected  and  analyzed  by  means  of  TOF  mass  spectrometry  (see  Figure  26). 
Analysis  of  the  mass  spectra  showed  that  in  general  functionalized  surfaces  contained 
hydrocarbon  peaks  of  greater  intensity.  Moreover,  we  were  able  to  observe  distinct 
fragmentation  patterns.  Acrylated  trichlorosilane  molecules  contain  carbonyl  functionalities 
which  are  sites  of  a  characteristic  a  cleavage  (see  Figure  26).  Spectra  of  functionalized 
surfaces  distinctly  showed  masses  41  and  69,  which  are  associated  with  such  cleavage. 
Emission  intensities  of  these  masses  were  20  and  30  fold  less,  respectively,  in  the  control 
(uncoated)  wafers  (data  not  shown).  Another  very  distinct  peak  collected  in  the  positive 
spectrum  is  mass  85  which  corresponds  to  C4H5O2.  Emission  intensity  of  this  mass  is 
extremely  low  in  case  of  bare  silicon  control  sample.  Hence,  evidence  collected  by  mass 
spectroscopy  points  to  presence  of  acrylated  trichlorosilane  molecules  on  the  silicon 
substrates.  Altogether,  TOF  SIMS  and  ellipsometry  indicate  that  successful  surface 
modification  occurred  resulting  in  formation  of  an  allyltrichlorosilane  monolayer  on  the 
silicon  substrate. 
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Fabrication  of  micropatterned  PEG  hydrogels 

Formation  of  array  elements  from  PEG-DA  is  based  upon  principles  of  free-radical 
polymerization.  DMPA,  a  photoinitiator,  dissociates  upon  exposure  to  UV  radiation  creating 
a  highly  reactive  methyl  radical  which  then  attacks  unsaturated  carbon-carbon  double  bonds 
(C=C),  producing  unstable  active  sites  which  can  react  with  other  active  sites  created  in  the 
process.  Thus,  polymerization  occurs.  Since,  two  active  centers  per  monomer  are  created, 
propagation  results  in  formation  of  a  highly  cross-linked  PEG-DA  network.  This  network 
represents  a  three-dimensional,  insoluble  structure,  capable  of  entrapping  sensing  agents. 

Conversion  of  C=C  bonds  was  monitored  using  ATR/FTIR  spectroscopy.  Thin  films 
of  PEG-DA  were  placed  on  the  ZnSe  ATR  crystal  and  an  IR  spectrum  was  obtained  before 
and  after  exposure  to  365  run  UV  light.  Maximum  conversion  was  achieved  within  a  few 
seconds  of  illumination.  Thus,  highly  cross-linked  network  was  created  almost  immediately 
upon  exposure  to  UV  radiation. 

The  acrylated  surface  of  the  silicon  substrate  should  also  take  part  in  the  free-radical 
polymerization  reaction  since  it  also  contains  unsaturated  C=C  functionalities.  Acrylate 
groups  on  the  surface  of  the  substrate  reacted  with  C=C  bonds  present  in  the  polymer  to 
effectively  anchor  the  polymer  to  the  surface  of  the  silicon  (see  Figure  25).  Thus, 
delamination  or  detachment  of  PEG  networks  from  the  substrate  should  be  less  likely  to 
occur. 


The  property  of  PEG-DA  to  become  insoluble  upon  exposure  to  UV  light  was 
employed  to  create  negative  patters  using  photolithography  techniques.  Such  patterns  were 
created  by  spin-coating  polymer  onto  the  silicon  substrate  and  then  exposing  coated  surface 
with  UV  light  through  carefully  aligned  shadow  mask  placed  on  top  of  the  polymer  layer. 
Light  was  projected  through  the  photo  mask  creating  polymerized  regions  which 
corresponded  to  the  pattern  of  the  photo  mask.  Unpolymerized  PEG-DA  dissolved  in  toluene 
or  SC-CO2  so  that  only  insoluble,  cross-linked  patterns  remained  on  the  surface.  Chrome- 
coated  sodalime  photomask  employed  for  patterning  contained  circles  with  diameters  of  600 
pm,  50  pm  and  5  pm  arranged  into  three  squares,  20x20  elements  in  each  square.  These 
patterns  were  reproduced  on  the  silicon  surface  as  cylinders  with  height  of  13  ±  0.1  pm. 
Height  of  the  individual  array  members  was  determined  by  using  Veeco  Dektak3 
profilemeter.  Proximity  printing  was  used  for  patterning  600  pm  elements,  whereas,  contact 
printing  was  employed  to  create  smaller  patterns.  Minimum  resolution  is  directly 
proportional  to  the  square  root  of  the  gap  between  a  photomask  and  polymer  layer,  which 
means  that  the  gap  had  to  be  minimized  in  order  to  obtain  highest  resolution. 

Morphology  of  the  generated  patterns  was  studied  with  SEM.  Figure  27  shows  SEM 
micrographs  of  an  array  of  600  pm  elements,  with  500  pm  distance  between  the  elements,  as 
well  as  a  single  element.  Clearly  defined  pattern  areas  with  no  residual  polymer  (precursor 
solution)  remaining  on  the  substrate  are  observed.  Inspection  of  an  individual  array  member 
at  higher  magnification  reveals  a  very  smooth  surfaces,  normally  associated  with 
poly(ethylene  glycol), [35]  without  visible  defects  in  the  polymer  network.  Figure  28  depicts 
hydrogel  patterns  with  50  pm  diameter  elements  and  50  pm  distance  between  the 
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elements.  A  high  density  and  quality  of  the  pattern  is  indicated  by  Figure  28(a)  which  shows 
as  many  as  300  elements.  Side-view  of  the  elements  presented  in  Figure  -28(b,c)  emphasizes 
three-dimensional  nature  of  the  pattern.  Smallest  microfabricated  arrays  consisting  of  5  pm 
diameter  elements  separated  by  a  distance  of  50  pm  are  depicted  in  Figure  29a.  Inspection  of 
a  single  array  element  (Figure  29b)  shows  a  difference  in  geometry  brought  forth  by  the 
dramatic  increase  in  the  aspect  ratio  when  compared  to  two  previous  patterns. 

Potential  of  imaging  of  PEG  was  further  explored  by  patterning  of  USAF  test  target 
mask.  Negative  image  of  this  mask  obtained  by  contact  printing  shown  in  Figure  30, 
indicates  a  minimum  feature  size  of  25  pm.  This  image  accentuates  high  quality  and 
versatility  of  photolithographic  patterning  of  PEG.  Thus,  our  photolithography  technique 
allows  fabrication  of  PEG  arrays  of  high  quality,  structural  integrity,  spatial  density  and 
provides  an  opportunity  for  creation  of  much  more  complex  images. 

Supercritical  development 

While  organic  solvent  based  development  discussed  in  the  previous  section  yielded 
satisfactory  results,  it  was  felt  that  exposure  of  the  PEG  arrays  to  possibly  toxic  chemicals  i.e. 
toluene  may  be  detrimental  to  in  vivo  compatibility  of  the  elements  and  activity  of  the 
proteins  entrapped  in  them.  Studies  have  shown  that  proteins  tend  to  lose  some  of  the 
biological  activity  when  in  contact  with  anhydrous  organic  solvents  due  to  denaturing  or  loss 
of  the  secondary  structure.  Therefore,  an  alternative  route  for  development  of  the  drug 
delivery  arrays  was  explored. 

CO2  is  an  environmentally  benign,  non-toxic  compound  which  is  being  used  in  the 
pharmaceutical  industry  as  a  reaction  medium  for  synthesis  of  drug  compounds.  In  addition, 
SC-CO2  is  being  investigated  as  a  possible  medium  for  photoresist  image  development. 
Motivating  factor  for  the  latter  studies  is  potential  of  this  solvent  in  achieving  high  feature 
resolution,  as  well  as,  ability  to  control  Solvating  power  by  varying  temperature  or  pressure. 
Therefore,  use  of  SC-CO2  for  development  of  patterned  biosensor  elements  may  be 
advantageous  from  the  biocompatibility,  protein  activity,  as  well  as,  photolithography 
considerations. 

Main  concern  for  the  supercritical  development  of  polymer  images  is  solubility  of  a 
given  polymer  in  the  supercritical  fluid  (SCF).  In  our  work,  limited  solubility  of  the  polymer 
in  the  SCF  was  overcome  due  to  continuos  supply  of  CO2  (150ml/h)  and  the  fact  that  only 
small  amount  of  uncross-linked  polymer  (less  than  1ml)  needed  to  be  removed  from  the 
surface. 

Elements  with  diameters  of  600  jam,  50  (am  and  5  (am  were  patterned  on  silicon 
surface  by  the  method  described  in  the  previous  section.  SEM  micrographs  of  the  hydrogel 
arrays  developed  in  supercritical  media,  presented  in  Figure  31,  compare  very  favorably  to 
patterns  developed  in  organic  solvents.  In  fact,  no  differences  in  morphology  of  individual 
array  elements  of  different  diameters  developed  with  the  two  techniques  were  observed. 

Solubility  problems  can  potentially  be  addressed  by  increasing  the  flow 
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rate  or  pressure  of  C02  in  the  chamber.  Increase  in  pressure  makes  this  SCF  more  liquid-like 
thus  increasing  its  solvating  power  while  increased  flow  rate  means,  larger  amount  of 
polymer  can  be  removed  on  per  time  basis.  In  addition,  surfactants  may  be  added  to  further 
improve  solubility  of  the  polymer  in  the  SC-CO2. 

Fluorescence  Sensing 

Fluorescent  array  elements  were  fabricated  by  incorporating  SNAFL-1  into  the  precursor 
spin  solution  to  verify  potential  usage  of  PEG-crafted  microarrays  in  optical  sensors. 
SNAFL-1  is  a  pH-sensitive  dye  which  exhibits  both  intensity  and  emission  wavelength 
changes  with  changing  pH.  Dye  pKa  is  approximately  7.8.  In  an  acidic  environment,  free 
dye  is  optimally  excited  at  510  nm,  with  an  emission  maximum  at  545  nm.  In  a  basic 
environment,  the  optimum  excitation/emission  values  red  shift  to  542/645  nm.  Glucose 
oxidase-conjugated  dye  (MW  180,000)  was  incorporated  into  the  thin  films  to  hinder  dye 
diffusion  out  of  the  disks.  The  conjugated  dye  had  acidic  and  basic  emission  maximums  of 
538  and  620  nm,  respectively. 

Figure  32  shows  the  fluorescent  nature  of  a  500  pm  array  element  with  encapsulated  dye. 
Figure  32a  shows  an  element,  which  has  undergone  the  deionized  water/toluene  wash 
development  step.  Our  prior  research  efforts  have  shown  a  slightly  acidic  environment  inside 
PEG  hydrogels  with  weak  buffering.  [3  6]  When  observed  on  the  fluorescence  microscope, 
both  500  and  50  pm  array  elements  initially  showed  a  slightly  acidic  spectrum,  with  strong 
emission  through  the  FITC  filter  and  weak  emission  through  the  TRITC  filter.  As  shown  in 
Figure  32b,  after  exposure  to  a  buffered  solution  with  a  basic  pH,  element  fluorescence 
underwent  a  strong  redshift.  Emission  when  excited  through  the  FITC  filter  was  weak,  while 
the  TRITC  filter  provided  an  intense  red  fluorescence.  The  fluorescent  response  was 
reversed  by  soaking  the  wafer  in  a  small  solution  of  buffered  solution  with  an  acidic  pH,  as 
shown  in  Figure  32c. 

Array  elements  of  similar  quality  to  those  shown  earlier  were  fabricated  without 
difficulty  from  the  SNAFL-GOX  containing  solution,  although  the  decrease  in  precursor  spin 
solution  viscosity  did  limit  the  amount  of  PBS  solution  containing  the  SNAFL-GOX  which 
could  be  added.  While  PEG-NHS  has  previously  been  used  to  covalently  encapsulate 
fluorophore-protein  conjugates  without  significant  decrease  in  fluorescent  intensities, 
physical  encapsulation  of  SNAFL-GOX  inside  the  PEG  hydrogel  network  was  sufficient  to 
retard  dye  diffusion  out  of  the  gel.  This  work  only  utilized  one  fluorophore  and  a  single  spin 
step  as  an  initial  test  of  array  suitability  for  optical  sensing.  Multianalyte  fluorescence  sensor 
arrays  should  prove  simple  to  fabricate,  however,  by  repeatedly  aligning  the  wafer  and  spin 
coating  additional  elements  from  precursor  solutions  containing  alternate  fluorophores. 

INTEGRATION  OF  DRUG  DELIVERY  ELEMENTS  INTO  SENSOR 

PLATFORMS 

We  are  also  developing  novel  approach  for  the  fabrication  of  drug  delivery  elements 
on  sensor  platforms  as  a  method  of  delivering  angiogenic  factors  to  promote  vessel  growth 
and  mass  transfer  around  sensors.  This  work  came  about  when  we  noticed  the  slow  leakage 
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of  enzyme  from  redox  hydrogels  in  which  the  protein  was  physically  entrapped  but  not 
covalently  immobilized.  To  take  advantage  of  this  phenomena  for  drug  delivery, 
microfabricated  drug  delivery  elements  consisting  of  polyethylene  glycol)  hydrogels 
containing  the  drug  of  interest  are  fabricated  using  photolithography  techniques.  Such 
methods  allow  the  incorporation  of  drug  delivery  elements  on  the  same  planar  surface  with 
microfabricated  amperometric  biosensors.  These  biosensor/drug  delivery  devices  may  then 
be  implanted  in  vivo  with  the  delivery  elements  releasing  basic  fibroblast  growth  factor 
(bFGF),  vascular  endothelial  growth  factor  (VEGF),  and  other  proteins  which  promote 
neovascularization  and  decrease  fibrosis  in  the  immediate  vicinity  of  the  implant. 

To  fabricate  these  devices,  the  surface  of  silicon  wafer  is  etched  with  piranha  which 
produces  a  layer  of  silicon  oxide  on  top  of  silicon  and  rendered  the  surface  hydrophilic.  The 
oxidized  surface  is  then  treated  with  3-(trichlorosilyl)propyl  methacrylate  to  form  a  self 
assembled  monolayer  (SAM)  with  pendent  acrylate  groups  .  A  solution  containing  PEG-DA, 
a  photoinitiator  (2,2-dimethoxy-2-phenyl-acetophenone)  (DMPA)  and  protein  dissolved  in 
phosphate  buffered  saline  (PBS)  is  prepared  and  spin-coated  onto  acrylated  silicon  wafer. 
The  polymer  layer  is  then  covered  with  a  photomask  and  exposed  to  365  nm  UV  light  source. 
Areas  exposed  to  the  UV  light  undergo  free  radical  polymerization  and  subsequent 
crosslinking,  becoming  insoluble  in  the  developer  solution.  In  addition,  PEG-DA  react  with 
free  acrylate  groups  of  the  wafer  surface  to  anchor  the  gel  to  the  silicon  surface.  Finally, 
arrays  are  developed  by  washing  away  uncrosslinked  PEG-DA  with  a  developer  such  as 
toluene,  water,  SC-CO2.  The  result  is  the  creation  of  cross-linked  hydrogels  fixed  on  the 
silicon  surface.  Release  studies  are  currently  underway  and  have  thus  far  we  have 
demonstrated  the  release  of  an  angiogenic  factor,  basic  fibroblast  growth  factor  (bFGF)  as 
shown  in  Figure  33. 


STUDIES  TO  BE  COMPLETED 

The  following  studies  are  underway  and  will  be  reported  to  NMTB  upon  completion: 

•  Implant  studies  of  redundant  glucose  sensor  arrays 

•  Fabrication  of  multianalyte  sensor  arrays 

Though  these  studies  were  not  completed  at  the  end  of  the  contract,  NMTB  will  receive 
acknowledgement  as  specified  in  the  research  contract. 

CONCLUSIONS 

Based  on  the  results  of  this  study,  we  have  come  to  the  following  conclusions: 

1.  Nanocomposite  thin  films  of  redox  polymers  and  oxidoreductases  can  be  used  to 
fabricate  amperometric  biosensors  that  exhibit  a  high  degree  of  structural  and  operation 
reproducibility. 

2.  Using  these  nanocomposite  films,  redundant  amperometric  sensor  arrays  for  glucose  and 
lactate  can  be  fabricated  on  thin  film  gold  microelectrode  arrays. 
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3.  Principal  component  analysis  can  be  used  for  fault  detection  and  identification  in 
amperometric  sensor  arrays. 

4.  Using  photopolymerized  hydrogels,  fluorescent  optical  microsensor  arrays  can  be 
fabricated  with  micron  scale  resolution. 

5.  Drug  delivery  elements  can  be  microfabricated  on  sensor  materials  using 
photolithography  and  these  arrays  can  release  angiogenic  factors  such  as  bFGF. 

DEVIATIONS  FROM  ORIGINAL  RESEARCH  PLAN 

The  addition  of  nanometer-scaled  redox  polymer/enzyme  films  represents  a  small 
deviation  from  the  original  proposal  where  we  discussed  using  spin  coating  to  form  sensor 
layers  on  electrodes.  However,  layer  by  layer  construction  of  sensors  on  a  nanometer  scale 
may  produce  sensors  that  are  more  reproducible  than  those  produced  by  spin  coating  and  thus 
should  continue  to  be  investigated  for  use  in  electrochemical  sensor  arrays. 

The  fabrication  of  optical  microsensor  arrays  using  this  technology  represents  an 
unexpected  side  product  of  the  original  proposal.  For  lab-on-a-chip  and  bioMEMS 
applications,  optical  sensing  may  produce  higher  sensitivity.  While  we  basically 
demonstrated  pH  detection  here,  other  work  by  our  group  has  previously  demonstrated 
sensing  based  on  enzyme  catalysis[36]  and  macromolecular  recognition[37]  in  these 
materials. 

The  integration  of  drug  delivery  elements  into  the  sensor  platforms  represents  an 
unexpected  side  product  of  the  original  proposed  research.  We  believe  that  the  integration  of 
biosensing  and  drug  delivery  will  yield  more  biocompatible  sensors  and  eventually  lead  to 
closed-loop  drug  delivery  systems. 
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Figure  1.  Structure  of  poly[(vinylpyridine  Os(bpy)2Cl)-co-aIlyl  amine]. 
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Figure  2.  Schematic  of  the  multilayer  redox  polymer/glucose  oxidase 
nanocomposite  film  structure. 
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Figure  3.  Ellipsometric  measurements  of  film  thickness  during  the 
fabrication  of  the  nanocomposite  thin  film.  Results  are  shown  for  both 
glucose  oxidase  and  lactate  oxidase  containing  films. 
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Figure  4.  Cyclic  voltammetry  of  a  nanocomposite  thin  film  consisting  of 
MUA/PVPOS/GOX/PVPOS/GOX. 
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Figure  5.  Concentration  dependence  of  the  current  density  for  a  lactate  sensor 
based  on  a  redox  polymer/Iactate  oxidase  nanocomposite  thin  film. 
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Figure  6.  Concentration  dependence  of  the  current  density  for  a  glucose  sensor 
based  on  a  nanocomposite  thin  film  of  redox  polymer/glucose  oxidase.  •:  Film 
crosslinked  with  glutaraldehyde;  triangle:  uncrosslinked  film. 
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Figure  9.  Fabrication  process  for  thin  film  microelectrode  arrays. 
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Figure  10.  Design  for  a  five  electrode  array 
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Figure  1 1.  Fabrication  process  for  forming  nanocomposite  thin  films  on 

microelectrode  arrays. 
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Figure  14.  Concentration  dependence  of  the  current  for  a  nanocomposite  redox 
polymer/glucose  oxidase  thin  film  microelectrode,  n  =  5. 
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Figure  19.  Fault  detection  in  a  10  electrode  sensor  array  where 
three  of  the  electrodes  are  incorrectly  biased. 
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Figure  20.  Fault  detection  in  a  10  electrode  sensor  array  where  three 
electrodes  are  experiencing  transient  errors. 
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Figure  21 .  Fault  detection  in  a  10  electrode  sensor  array  where  three  of 
the  electrodes  are  drifting. 
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Figure  23.  Fault  detection  and  identification  in  a  10 
electrode  sensor  array  experiencing  multiple  modes  of 
failure. 
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Figure  24.  Schematic  of  super-critical  carbon  dioxide  system  of  developing 
photolithographically  patterned  sensor  arrays. 
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Figure  25.  Surface  modification  of  silicon  substrate  with  a  methacrylated  chlorosilane 
and  the  subsequently  reaction  of  the  functionalized  surface  with  polyethylene  glycol) 
diacrylate). 


Figure  3 1 .  Electron  micrograph  of  a  polyethylene  glycol)  hydrogel  array  developed  in  super¬ 
critical  carbon  dioxide. 


Figure  33.  Controlled  release  of 
array.  Array  elements  were  50  n 
was  measured  using  a  cell-based 
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Absorber  Assisted  Laser  Surgery  provides  a  significant  improvement  over  conventional 
methods  used  in  laser  surgery.  In  conventional  laser  applications  the  most  influential  factors 
governing  the  process  are  the  optical  properties  (absorption  and  scattering  coefficients)  of 
the  tissue.  Unfortunately  there  is  strong  location-  and  subject-specific  dependence  on  optical 
properties  which  obviates  the  ability  to  exactly  predict  the  effect  a  laser  irradiation  dose 
would  have  on  a  target  tissue.  Furthermore,  one  of  the  key  chromphores  of  laser  energy  for 
many  medical  lasers  is  water  but  the  amount  of  water  at  the  target  tissue  is  highly  variable. 
As  a  means  to  overcome  this  uncertainty  due  to  optical  properties  we  propose  a  techniques 
involving  the  use  of  a  highly  precise  microjet  device  that  allows  deposition  on  the  target 
tissue  controlled  minute  amounts  of  absorber  materials  of  known  absorption  property.  The 
system  will  then  be  tested  for  development  of  laser  based  handpiece  for  application  in 
preparation  of  hard  dental  tissues.  Dr.  Charles  Arcoria  of  Baylor  College  of  Dentistry  will  be 
a  consultant  collaborator.  The  laser  may  help  dispel  the  pain,  fear,  and  noise  related  to  the 
high  speed  drill.  The  system  has  the  potential  to  perform  many  procedures  without 
anesthesia  because  of  the  highly  localized,  short  duration  of  each  laser  pulse.  The  laser’s  fine 
control  and  accuracy  combined  with  MircoFab's  highly  precise  deposition  of  absorbers 
provides  a  unique  combination.  The  non-contact  treatment  could  decrease  replacement  cost 
and  possibly  reduce  cross  contamination  from  patient  to  patient,  patient  to  physician,  or 
physician  to  patient.  The  laser  has  potential  to  remove  dental  hard  more  accurately  and 
without  the  negative  stimuli  associated  with  conventional  dental  handpiece. 
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I.  Task  Objectives: 

The  specific  objectives  of  this  one-year  research  project  were  modified  from  the  Specific 
Aims  2  and  3  of  the  original  proposal  as  modified  by  our  later  dated  12  November  1998. 

Specific  Aim  #1:  To  determine  optimal  parameters  for  efficient  ablation  of  enamel  and  dentin 
using  Er:YAG  Laser  and  water  as  absorber. 

Specific  Aim  #2:  To  determine  quality  of  laser-absorber  prepared  cavities  as  compared  to 
conventional  handpiece  using  microleakage  study. 


II.  Description  of  Results  to  Date 

Majority  of  effort  for  the  first  phase  of  the  project  was  focused  on  Specific  Aim  #1  and  preparing 
for  performance  of  Aim  #2. 

Specific  Aim  #1:  To  determine  optimal  parameters  for  efficient  ablation  of  enamel  and  dentin  using 
ErrYAG  Laser  and  water  as  absorber. 

Over  these  first  5  months  the  ablation  rate  for  samples  of  enamel  of  two  different 
thickness  values  were  measured  for  varying  number  of  water  volumes  between  laser  pulses.  Each 
water  pulse  was  200  pico-liters.  The  results  are  shown  in  Figures  1  and  2.  Note  that  in  both 
samples  there  is  an  optimal  number  of  water  pulses.  For  the  1-mm  thick  samples  the  optimal  was 
10  water  pulses  and  for  the  thicker  sample  (2.3  mm  thick)  the  optimal  water  volume  was  20  water 
pulses  (or  4  nano-liters).  This  suggests  that  for  removing  a  larger  volume  of  tooth  a  relatively 
larger  volume  of  water  should  be  used  but  that  there  is  an  optimal  water  volume  to  consider.  One 
explanation  is  that  as  the  water  volume  is  increased  beyond  a  certain  point  more  of  the  energy 
would  be  consumed  in  vaporizing  the  water  rather  than  inducing  a  recoil  momentum  on  the  tooth. 


Figure  1.  Ablation  rate  versus  number  of  water  pulses  on  enamel.  The  volume  of  one  water  pulse  was  200 
pi.  The  thickness  of  the  slice  was  1  mm.  The  energy  of  laser  was  48  mJ. 
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Figure  2.  Ablation  rate  versus  number  of  water  pulses  on  enamel.  The  volume  of  one  water  pulse  was  200 
pi.  The  thickness  of  the  slice  was  2.3  mm.  The  energy  of  laser  was  145  mJ. 


A  typical  Scanning  Electron  Micrograph  (SEM)  of  laser  induced  hole  in  enamel  is  shown 
in  Figure  3.  The  inner  surface  of  the  ablated  enamel  appeared  to  have  raised  and  rolled.  A  small  bead-like 
recrystalized  enamel  was  more  common  on  the  wall  of  the  crater  at  lower  laser  energy.  However,  the 
recrystalized  enamel  was  more  visible  on  the  surface  and  at  the  entrance  of  the  hole  at  higher  energy.  At 
higher  energy,  it  is  believed  that  the  molten  enamel  was  more  strongly  expelled  out  of  the  hole  and  then 
recrystalized.  Similar  studies  will  be  done  on  dentin  and  results  will  be  reported  in  the  next  phase. 


Figure  3.  Scanning  Electron  Micrograph  (SEM)  of  tooth  ablated  by  water-assisted  ErrYAG  laser  method 
using  microjet  technology. 

The  temperature  rise  in  the  pulp  cavity  caused  by  repeatedly  irradiated  laser  pulses  and  exogenous 
water  drops  on  the  whole  tooth  surface  is  shown  in  Fig.  4.  The  temperature  rise  in  the  pulp  cavity  with  and 
without  an  exogenous  water  drop  was  1.6°C  and  4°C  respectively.  From  this  result  it  is  clear  that  a 
repeatedly  dispensed  water  drop,  even  with  a  small  volume,  could  significantly  lower  the  temperature  rise 
in  the  pulp  cavity  to  a  safe  level. 


Figure  4.  Temperature  rise  in  the  pulp  cavity  during  laser  irradiation  with  and  without  an  exogenous  water 
jet.  The  volume  of  one  water  drop  was  400  pi.  Water  was  dispensed  every  two  seconds.  The  laser  was 
irradiated  every  second  with  100  J/cm2  rate. 


Based  on  the  early  positive  results,  we  are  prepared  to  work  of  Aim  #  2  to  characterize 
the  quality  of  cavity  preparations  in  laser  prepared  cavities. 

Specific  Aim  #2:  To  determine  quality  of  laser-absorber  prepared  cavities  as  compared  to 
conventional  handpiece  using  microleakage  study. 

Experimental  protocol  has  been  designed.  Ten  teeth  will  be  used  for  this  study.  On  the  same 
tooth  both  conventional  handpiece  cavities  preparations  as  well  as  laser  induced  ones  will  be 
applied.  Each  tooth  will  be  subjected  to  thermal  cycles  described  in  the  proposal  and 
microleakage  study  will  be  performed  to  assess  the  quality  of  preparations. 
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Atotnct- Tha  ala  of  this  project  la  to  develop  aa  optical 
cyitem  to  cbaractarlse  the  variations  ta  eoraeal 
birefringence  la  a  rabbit  model,  both  qualitatively  aad 
qualitatively,  via  the  asc  of  Mueller  matrix  theory.  The 
syitcm  ivai  characterised  with  a  kaowa  Wreftiageat 
auteriaL  aamely  a  K  wave  plate,  foDowed  by  At  vitro 
stadk a  oa  aa  excited  rabbit  eye. 

Keywords:  birefringence,  cornea,  glacoae  aenstai, 
polarimetry.  L  INTRODUCTION 
The  anterior  chamber  of  the  eye  it  the  principle  site  under 
investigation  for  the  development  of  a  nonmvasive  m  vivo 
optical  potarimetric  glucose  sensor  [U].  However,  it  is  well 
known  diet  die  cornea  of  the  eye  is  birefringent  and  the 
birefringence  is  negligible  at  the  center  and  Increases  towards 
die  periphery  [11  Even  small  amounts  of  birefringence  we 
known  to  confound  die  overall  signal  due  to  glucose  to  the 
mterior  chamber  of  the  eye  and  hence  the  sensitivity  of  the 
system.  This  is  of  particular  concern  when  the  light  beam  is 
to  be  propagated  through  the  base  of  the  cornea  [1],  Thus,  a 
detailed  qualitative  and  quantitative  characterization  of  the 
corneal  birefringence  is  essential  for  the  development  of  the 
noo  invasive  glucose  sensor. 

H.  METHODS 

The  optical  setup  used  to  characterize  birefringence  is 
shown  to  Fig  1.  The  light  source  consists  of  a  uniform 
intensity  beam  obtained  from  a  tungsten  halogen  lamp  whose 
intensity  is  reduced  via  a  neutral  density  filter.  Various  input 
polarization  states  are  obtained  through  different  oneatahons 
of  polarization  optics  which  consist  of  a  sheet  polarizer  and 
'/*  wave  plate.  This  beam  is  then  directed  onto  a  sample. 
After  passing  through  die  sample,  the  beam  is  imaged 
through  polarization  analyzer  optics  (similar  to  the  input 
stage)  using  a  16-bit  CCD  camera. 

Two  sets  of  experiments  were  performed  using  this  setup. 
The  first  set  of  experiments  utilizwi  a  V,  wave  plate  with  its 
tost  axis  at  0*  and  45°,  respectively.  The  second  set  of 
experiments  were  conducted  on  a  excised  rabbit  eye.  The 
eye  was  placed  cm  a  specially  made  mount,  with  care  being 
taken  to  ensure  that  the  cornea  was  completely  covered  with 
saline  solution.  This  was  done  in  order  to  overcome  the 
index  of  refraction  mismatch  between  the  cornea  and  air,  thus 
allowing  die  light  beam  to  be  propagated  straight  through  the 
anterior  chamber  [3]. 

FI,  optical  Setup  i:  Twipten  Halogen  limp,  F: Neulni  density  Utw,  I. 
[npo, Polarizer  *»4  K  wave  plate,  S:  laraple,  O:  output  polarizer  and  V4  ware 
pitte,  C:  CCD  caeaen 

ID.  RESULTS 

In  the  first  experiment,  to  order  to  verify  the  operation  of 
the  experimental  system,  two  different  alignments  (nut  axis 


+4S*  md  0*)  of  a  V*  wave  plate  sample  were  investigated. 
The  change  in  intensity  of  the  output  beam,  for  die  crossed 
input  wid  output  polarization  state  for  each  orientation  of  die 
sample  was  calculated  theoretically  and  subtracted  resulting 
to  a  normalized  value  of  0.25.  This  is  equivalent  to  the 
change  to  the  intensity  obtained  experimentally.  Further,  a 
itngto  Moeller  element  (S„)  was  calculated  for  the  sample  V, 
wave  plate  with  its  fast  axis  at  +45*(Fig  2).  This  was 
compared  and  shown  to  be  similar  to  the  theoretical  Mueller 
element 


Fig  2.  Comptrizon  herireea  the  theoretical  aad  expatimciail 
Ss-((M»+wHhv+vfc)l  element  of  the  Mueller  nutria  fcriW  piste  *43 
degrees. 

In  the  final  experiment,  images  were  obtained  of  a  rabbit 
cornea  for  the  case  of  no  polarization  optics  and  compared 
with  the  image  for  the  crossed  polarization  state.  As 
fxptftrat,  die  Image  for  the  crossed  state  showed  varying 
intensity  (birefringence)  along  the  edges  of  the  cornea  and 
almost  zero  intensity  at  the  apex  (Fig  3). 


Fig  3:  Image*  of  the  rabbit  cornea  obtained  fcr  the  ‘Open’  stats  od 
'Crossed*  sUSe  of  polffizcn. 

IV.  DISCUSSION  AND  CONCLUSION 
An  optical  polarization  setup  for  monitoring  the 
birefringence  of  a  sample  was  built  and  tested.  The  system 
was  first  calibrated  with  a  known  birefringent  material  (1/4 
wave  plate)  and  compared  to  the  theoretical  output  expected 
from  this  element  showing  a  good  correlation  of  image 
intensities  Lastly  die  change  m  birefringence  across  the 
rabbit  cornea  was  observed  and  compared  to  the  case  with  no 
polarizers.  The  image  was  found  to  have  higher  intensities  at 
the  edges,  as  expected,  thus  indicating  increased 
birefringence. 
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ABSTRACT 

^  polanmenry’  u?ing  fainter  of  the  eye  as  the  sensing  site,  is  being  investigated  as  a 

potential  method  to  develop  a  nonmvasive  physiological  glucose  monitor.  One  mechanism  proposed  for  removing  the 

SyStem  ?■  l°  ,  °pU“lly,r0tatOr7  dementS  0ther  than  glucose  (albumin,  ascorbic  acid,  etc.)  in  the  anferior 
chamber  is  to  use  a  multi-wavelength  polanmetnc  approach  commonly  referred  to  as  optical  rotatory  dispersion.  In  our 

S  obta,n  ’ wavelengths  of  interest  for  characterizing  glucose  in  the  presence  of  other  components  in  the  aqueous 

humor  that  rotate  light,  we  present  results  characterizing  the  optical  rotatory  dispersion  as  a  function  of  the  pH  and 

lU°n’  W\pr£Sent  !n  Viv0  resuIts  using  New  ^ite  rabbits  that  indicate  the  average  time  delay 

between  blood  and  aqueous  humor  glucose  levels  is  below  five  minutes  and  we  discuss  the  main  issue  that  needs  to  be 
overcome  for  the  measurement  of  glucose  with  this  approach,  namely  comeal  birefringence  in  the  presence  of  motion  artifact. 
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AJB3IKAC1 


In  our  investigation,  we  present  both  multi -spectral  in  vitro  and  DreliminaTv  cinoU  , 

appeal  the  »se  of  optical  polarimcdy  as  a  potential  ttotwmastve  mettod  Tk&friteXZT?? 

vivo  measurements  is  the  anterior  chamber  of  the  eye  in  a  rabbit  model  Theaitferinrrfiarnw«r«i,.  nte  utUized  for  our  in 
dear  tad  minimal  scattering  fluid  known  as  the  aqueous  humor.  The  elucose  k-vHc  ^  contams  a 

°fblc”d’  therefore  providing  a  mechanism  to  indirectly  estimate  blood  glucose  levels  A  deviceto^e^JiwT1316*1 1° 
M*  through  tho  aaerior  chanter  in  also  presented^  for  the  ^  *’?*"*>  «?*= 

^mot^ited  as.  method  to  minimirepeediaioo  once  when  ghico6e  is  not  the  only  cgxieally  active  in 

Keywords;  polarimetry,  glucose  sensing,  diabetes  mellitus,  multi -spectral,  optical  activity 


1.  INTRODUCTION 

diab^Sti^^^  glUCOSC  levds  **  toty  wouid  have  a  significant  impact  on  millions  of 

diabrticpatients  worldwide.  Currently,  all  commercially  available  techniques  require  the  invasive  extraction  of  blood  or  <*w 

uamliv  diSctic  oficn  have  to  ““act  multiple  samples  of  blood  daily  which  is 

usmdfy  obtained  by  the  lancing  of  a  finger.  This  procedure  requires  the  use  of  relatively  expensive  enzvmafictea 
m  addincm  to,  subjecting  the  user  to  possible  infection  risks  and  nerve  damage  at  the  testmp  cite  Therefore 

T  r25  glUCtfe’-  "*  kD°Vm  35  °PticaJ1y  The  asymmetrical  structural  plane  of  a  chiral  molecule 

resnhs  m  the  rotation  of  linear  polarized  light.  The  amount  of  obseived  rotation  is  directly  prooortiond^ 

rotatio^  optical  path  length,  and  concentration  of  the  sample.  The  specific  rotation  erf  aS^Sdescribes  the  eSStta 

”  **•  ^ 

known  as  the  aqueous  humor.  Therefore,  this  is  testing  site  we  chose  for  our  in  vivo  studies.  g  d 

descS^i'S  SS.rr  ^  to  monitor  glucose  levels  in  the  body  was  initially 

baaed  method  that  was  able  ,o  achieve  duthdegme^o^^.^l^^^^^ 


Part  of  the  SPIE  Conference  on  Optical  Diaonostics  of  Biolooical  Fluids  iv 
San  Jose,  California  •  January  1933 
SPIE  Vole  3599  •  027  7-7  06X/99/S1 0.00 
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Figure  1.  Polarimeta  block  diagram 
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approacb.  in  mar  syscm,  -—nw  «„«*  media  containing  many  optically  active  components),  and 

including  water,  bovine  cell  culture  andrarr^^  which  has  been 

aqoeoos  humor.  Thu^flan  tsvsry  Overall  wediction  errors  in  both  calibration  and  validation  have  been  shown  to  be  on 

ibrir  in  vilro  sfodies  aod  have  fflosnaed  Ite  »e  of  PObmmcoy  for  glucose 

detection  through  the  eye  of  a  rabbit 14,15 

In  tMs^we  re^  <m • 

^  S^v^taSSe^^SSS^effectively  couple  light  through  the  anterior^berof  the  eye 
^e!inri^^  results  will  be  presented  illustrating  that  a  polarimetnc  signal  can  be  obtained  through 

the  anterior  chamber  of  a  rabbit  eye. 

2.  MATERIALS  AND  METHODS 


2.1  Instrumentation 

A  block  diagram  of.be  experimemal  apparams  desigued  aod  coastracmd  fo.  Ihis  myesbgadoo  is  muaraledra  >f 

,  ^  ,  ,i  i  ~nA  ?  are  lacer  diodes  fMendeth  Instruments,  Glendale,  A Z)  emitting  omw  oi 

For  the  multi-spectral  oq^nmen  resoectively  For  the  in  vivo  experiment,  only  laser  1  is  used  emitting  5mW  of 

loo^l^zer  initially  polarizes  the  light  beam. 
AF^aday  rotator^tmnic  Crystal  Inc.,  Dover,  NJ)  is  then  used  to  modulate  the  polarization  vector.  It  is  driven  by  a 
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(Sura  Cells  I»c>  consducmd  I?? SSSiS.  FoUowing  ttm^STTanolha  Fmda, 

jmlaiorehaniw  ofthccye  via*  ooupli^roecha^nfofw  f  ^  eliminate  any  rotation  of  the 

™«  «“<  provides  tedbadi  compeassoop.  poJta.  tax-  «  *• 

polaitamon  «a«  due  to  lie  „_mijclliJ^d!al  of  the  Miel  poUiiier  Tie  enalyier  mns&nns  lie 

toT^wton,  NJ).  The  output  of  the  Ught  detector  is  a  voltage  proportional  to  the  detected  light  intensity. 

^  gtzsssszi  «tsa»^s=S5£5rS 

rs53S"sr«t:"*»>K 

a  SSgorithm  implemented  using  LabView  5.01  (National  Instmments.  AustmTX). 

Upon  receiving  the  amplitude  information  of  the  detected  signal  present  *  the  modulation  : fieque^y  <■»  «SU 
^Z  '££t  to  ZamtSSSSici JZ*JE?Vm*  rotator. 

Through  the  use  of  Jones  matrices,  the  electric  field  for  a  single  laser  through  the  optical  train  can  be  modeled  as: 

E^-sin^sii^©  _/)+<>)>  ^ 

where  &,  is  the  modulation  depth,  tOm is  the  modu^on ^e'inten^^/ti^ri^^di^i^^^^ on 
polarization  due  the  glucose  sample  and  compensation  Fmajy  re^e^y^T^^ensity  0™  -4^ 

Se  light  detector  is  proportional  to  the  square  of  the  electric  field  and  can  be  modeled  as. 


/cc£s  =^J  +  ^)  +  2*6.  MpJ)  ~  -y  cos(2fy.r) , 
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utupu,  voluge  »f  d,  digus.  cuuuuUcs  . 

proportional  to  the  glucose  concentration  of  the  sample. 

2.2  Multi-spectral  confounding  component  experiment 

*«**■-■ 

presence  of  an  optical  confounder.  Sample ^rol^onsj^  pr^^  prepared  The  span  covered  a  range 

over  a  physiological  albumin  in  100  mg/dl  and  20  mg/dl,  respectively.  Normal 

from  0  mg/dl  to  400  mg/dl  for  glucose  and  m  JJ^hnwever  w  chose  to  use  a  larger  range  of  albumin  concentrations 

ST,  «**>"■*«*»*  f™1**'’"  ™*  >»  "*  •**** 

of  a  multiple  linear  regression  calibration  model. 

,  .  f  ,hp  w™  Ha^  ce^  coUeclH  at  different  wavelengths  in  order  to  assess  their 

Threef^arate™  fi to^mfvids  were  based  on  a  standard  least-squares  linear  regresion  model  using  information 
predictive  capability.  The  ^ 670nm  model  mSts  glucose  concentrations  merely  by  using  the  feedback 
from  a  single  wavelength.  ^.min  The  third  model  was  computed  using  a  multiple  linear 

saisss  ?«*»*  v°|us“  f« »?  *“ r ^ for  a  ^ 

of  gtao£ and  albumin  mot  comidnmd  durins  dm  empmamn  of  dm  calibano.  modd. 
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similar  to  that sho^  l^LIJ^fa  r^SN^Sal^Uitc  (NZW)  rabbit  was  used. 

635am.  In  place  of  the  sample,  the  eye  of  \3  6*f  faT  z~~n£  ^  -coupling  device  we  constructed  This  device  is 
light  beam  is  coupled  through  the  aimmQr  chambar  of  the  ^^Sical  glass  shaft  that  is  placed  over  the 

depicted  in  Figure  2.  The  coupling  “^ff^^So  be  injeSl  into  tofayh^cr  and  the  other  port  als  as  a  -vent  to 
cornea  The  shaft  has  two  ports,  one  port^ows  SiJSTis  an  index  matching  fluid  allowing  light  to  propagate 

equalize  the  inside  pressure  to  that  of  the  “copied  through  the  eye  by  first  reflecting  off  a  45° 

in  a  straight  path  through  the  ^o^^  ^TriJS^m^e  base  of  the  device.  The  prism  acts  as  aflat 
mirror  mounted  on  the  device.  This  bram  then ^rs  through  the  anterior  chamber  of  the  eye  and 

The  exit  beam  is  then  reflected  upward  to  a  second  45°  mirror  that  reflects  the 
1  mg/kg  of  accpromazmc.  The  rabbu  tsv.  rahhit's  eve  Qocc  contact  with  the  eye  is  made,  a  saline  based 

5SS  S  SiSA> W - *■< *« — < - 

made  with  the  eye  at  the  base  of  the  device. 
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Figure  2.  Device  to  couple  light  through  the  anterior  chamber  of  the  eye 


3.  RESULTS  AND  DISCUSSION 


3,1  Multi-fpectral  pohuimetric  tensing  approach 

Presented  in  Figure  3  are  the  results  of  the  gluoose  and  albumin  multi-spectral  experiment  The  purpose  of  this 
experiment  was  to  demonstrate  how  other  chiral  components,  oich  as,  albumin  that  are  present  in  the  aqueous  humor  in 
addition  to  glucose  could  be  compensated  for  if  their  concentrations  were  not  constant  Figure  3a  and  3b  illustrate  glucose 
prediction  in  the  presence  of  different  albumin  concentrations  varying  between  0  to  100  mg/dl  using  a  single  wavelength 
regression  model  for  670  and  820  nm  light,  respectively.  The  calibration  errors  for  the  670  and  820  nm  experiments  are 
38.92  and  42.67  mg/dl,  respectively.  As  can  be  seen,  for  each  concentration  of  glucose,  there  are  distinct  errors  resulting  due 
to  the  varying  concentrations  of  albumin  However,  if  a  multiple  linear  regression  technique  is  applied,  the  model  takes  the 
form  seen  in  equations  3  and  4.  The  calibration  prediction  results  for  the  multi-spectral  case  are  shown  in  Figure  3c.  As  can 
be  seen,  the  prediction  results  for  glucose  are  grouped  much  closer  the  theoretical  line  than  in  the  single  wavelength  cases. 
The  overall  calibration  error  for  the  multi-spectral  model  is  21.69  mg/dl,  which  is  significantly  lower  than  the  single 
wavelength  regression  models. 

It  should  be  noted  that  the  effects  of  other  optically  active  components  present  in  the  aqueous  humor  are  expected  to  be 
minimal. 16  Glucose  levels  in  the  eye  are  considerably  higher  in  concentration  than  other  optically  active  components,  such 
as,  albumin.  Also,  the  specific  rotation  of  glucose  at  635  nm  is  considerably  higher  than  flic  specific  rotations  of  the  several 
other  various  amino  adds  that  are  also  present  in  the  aqueous  humor.  Tims,  the  observed  rotation  due  to  glucose  will  be 
considerably  larger  than  those  rotations  due  to  the  other  confounding  components. 


Figure  3.  Multi-spectral  glucose  prediction  results  (a)  670  nm  single  wavelength  prediction  (b)  820  nm  single 
wavelength  and  (c)  670/820  nm  multi-spectral  prediction  results 


oMriioextt,  the  cnUimated  modulated  polarized  bier 
■nmo^tlieiwoflhecy«wp^<^.^^J0^^^SS=ot«nH)iteyt.  Minimal  effectt  to  to 
beam  of  the  polarimeter  was  effectively  C0UP^<^®  .  th^  trfradtiyt  index  mismatch  were  observed.  Shown  in  Figure  4 

S^g^dSding  of  light  caused  by  (bottom).  As  modelcdby  ^oo  4,  the 

is  anoMWe  of  the  detected  in  vivo  signal  (top)attl^yon  fttqueocy  in  addition  to  another  sinusoid  at  the 
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Figure  4.  In  vivo  detected  polarimetxy  signal 
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DESCRIPTION 

The  end  goal  of  this  research  is  the  development  of  a  unique,  forward  reaching,  advanced  optical 
technology  based  on  multispectral  polarimetry  to  be  used  to  noninvasive  monitoring  of  glucose  levels  in 
vivo-  A  robust  single. wavelength  system  has  been  developed  in  part  for  the  NASA  space  program  tn 
monitor  glucose  in  vitro  in  cell  culture  media.  The  optical  polarimetric  sensing  technique  is  based  on  the 
fact  that  the  polarization  vector  of  light  rotates  when  it  interacts  with  an  optically  active  material  such  as 
glucose.  The  amount  of  rotation  of  polarization  is  directly  proportional  to  the  glucose  concentration  and  to 
the  sample  path  length.  Since  the  polarization  rotation  of  a  given  substance  is  a  function  of  the  wavelength 
of  light,  in  this  proposal  a  multispectral  approach  will  be  tested  to  both  distinguish  potential  rotatory 
confounding  components  found  in  the  anterior  chamber  of  the  eye  from  that  of  glucose  and  compensate  for 
eye  motion  artifact  The  sensitivity  and  specificity  of  the  system  to  glucose  will  first  be  tested  in  vitro 
using  glucose  doped  bovine  aqueous  humor  solution  in  the  presence  of  varying  rotatory  components  such  as 
amino  acids,  ascorbic  acid,  and  albumin.  Fresh  post-mortem  rabbit  bovine,  and  human  eyes  will  then  be 
used  to  assess  the  ability  of  the  system  to  compensate  for  any  corneal  birefringence,  eye  motion  artifact 
variable  eye  pathlength,  and  variable  corneal  curvatures.  Lastly,  in  vivo  tests  will  be  performed  on  New 
Zealand  White  rabbits  to  evaluate  the  repeatability,  accuracy,  and  specificity  of  the  noninvasive  optical 
polarization  technique  to  changes  in  blood  glucose.  If  a  second  year  of  support  is  granted  further  animal 
and  human  studies  will  be  performed 

The  primary  application  of  the  system  focuses  on  noninvasive  glucose  monitoring  through  the 
anterior  chamber  of  the  eye  for  the  diagnosis  and  management  of  diabetes  mellitus.  This  disease  currently 
afflicts  over  100  million  people  worldwide  and  nearly  14  million  in  the  United  States.  In  the  U.S.  this 
disorder,  along  with  its  associated  complications,  is  ranked  as  the  seventh  leading  cause  of  death.  The 
design  and  development  of  this  novel  polarimetric  glucose  sensing  technology  would  provide  a  means  for 
indirect  noninvasive  measurement  of  blood  glucose,  thereby  facilitating  increased  frequency  of  the 
measurement,  tighter  control,  and  fewer  secondary  complications  from  diabetes  mellitus. 
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I.  Introduction 


Research  in  the  field  of  optical  polarimetry  offers  several  fascinating  possibilities  in  the 
fields  of  analytical  chemistry  and  biosensing.  In  this  study,  we  proposed  to  develop  a  unique, 
forward  reaching,  advanced  optical  technology  based  on  polarimetry  to  be  used  for  noninvasive 
monitoring  of  glucose  levels  in  vivo.  The  long  term  goal  is  to  develop  this  technology  to 
ultimately  monitor  glucose  noninvasively  through  the  anterior  chamber  of  the  eye  as  an  indirect 
measure  of  blood  glucose  concentrations.  The  approach  was  developed  in  part  for  the  NASA 
space  program  to  monitor  glucose  in  vitro  in  cell  culture  media.  If  successful,  the  obvious  benefit 
of  our  approach  is  that  it  would  be  noninvasive  which,  for  diabetic  patients  for  whom  it  is 
recommended  to  monitor  their  blood  glucose  levels  up  to  five  times  a  day,  is  a  significant 
advantage.  In  the  original  proposal  the  following  three  specific  aims  were  given. 

Specific  Aim  #/:  To  minimize  corneal  birefringence  artifacts  due  to  eye  motion  and  elucidate 
glucose  concentration  in  the  presence  of  other  optically  active  molecules  that  vary  in 
concentration. 

Specific  Aim  #2:  To  design .  implement  and  test  a  sensitive  polar imeter  that  allows  for  coupling 
in  and  out  of  the  eye. 

Specific  Aim  #J:  To  measure  the  in  vivo  aqueous  humor  glucose  levels  and  quantify  blood 
glucose  levels  accounting  for  the  equilibration  time  delay. 


II.  Body-  Description  of  Methods  &  Results  broken  down  by  aim 

Specific  Aim  #7: 

A  modified  version  of  the  original  polarimetric  system  was  discussed  in  the  5th 
quarterly  report  (see  Appendix  1 -report  5  and  Appendix  2  -  paper  1).  This  system  was 
an  extension  of  the  original  system  in  that  it  provides  two  simultaneous  measurements  of 
optical  rotation  by  using  a  red  (635  ran)  laser  in  a  closed-loop  configuration  and  a  green 
(532  nm)  laser  in  an  open  loop  configuration.  The  block  diagram  of  the  designed  and 
constructed  system  is  shown  in  Figure  1.  The  motivation  behind  this  system  was  two 
fold.  First,  such  a  multi-wavelength  system  has  the  potential  to  minimize  glucose 
prediction  error  in  multiple  optically  active  component  samples.  Secondly,  this  type  of 
system  can  potentially  be  used  to  minimize  the  effects  of  comeal  birefringence  due  to 
motion  artifacts. 

To  test  the  ability  of  the-  system  to  reduce  glucose  prediction  error  in  a  sample 
containing  more  than  one  optically  active  component  that  varies  in  concentration,  a  set  of 
in  vitro  experiments  were  performed  in  triplicate.  Albumin  was  chosen  as  the  confounder 
because  it  is  one  more  abundent  optically  active  components  in  the  eye  with  a  relatively 
significant  specfic  rotation  as  shown  in  the  fourth  quarter  report.  In  this  experiment, 
glucose  was  varied  between  the  physiological  hyperglycemic  range  of  0  to  600  mg/dl  in 
50  mg/dl  increments  and  albumin  was  varied  from  0  to  100  mg/dl  in  25  mg/dl 
increments.  These  albumin  values  are  5-10  times  above  normal  levels  found  in  the 
aqueous  humor  of  the  eye. 
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D-glucose  and  rabbit  albumin  were  purchased  in  dry  form  from  Sigma  Chemical 
(St.  Louis,  MO).  Stock  solutions  for  each  chemical  were  prepared  in  deionized  water  and 
individual  5  ml  samples  at  each  respective  sample  concentration  were  prepared  by 
combining  appropriate  amounts  of  each  stock  solution  with  deionized  water. 


Figure  1:  Block  diagram  of  the  designed  polarimeter 


For  each  set  of  experiments,  three  separate  calibration  models  were  computed  in 
order  to  demonstrate  the  benefit  of  a  multiple  wavelength  system  in  reducing  glucose 
prediction  error  compared  to  a  single  wavelength  system.  The  first  two  models  computed 
are  based  on  a  standard  least-squares  linear  regresion  model  using  information  only  from 
a  single  wavelength.  For  example,  the  first  model  predicted  glucose  concentrations  by 
using  the  closed-loop  feedback  voltage  obtained  for  nulling  the  635  nm  wavelength  for  a 
given  mixture  of  glucose  and  albumin.  The  second  model  used  the  open-loop  532  nm 
signal  to  predict  glucose  concentration.  Lastly,  the  third  model  was  computed  using  a 
multiple  linear  regression  technique.  Both  the  closed-loop  feedback  voltage  (635  nm) 
and  the  open-loop  (532  nm)  signal  were  used  to  compute  a  single  calibration  model.  The 
multiple  linear  regression  calibration  model  takes  the  form  of : 
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where  VXi  and  Vu  are  the  feedback  voltages  for  each  wavelength,  a\,  a2,  b/,b2  are  the 
components  of  the  slope  coefficent  matrix,  [Glucose]  and  [Albumin]  are  the  respective 
concentrations  within  each  sample,  and  c/  and  c2  are  the  corresponding  intercepts.  This 
model  is  then  rearraged  for  in  the  form  of : 
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to  predict  unknown  the  sample  concentrations  for  a  given  set  of  feedback  voltages  at  each 
corresponding  wavelength. 

The  average  standard  errors  of  calibration  (SEC)  for  the  closed  and  open-loop 
experiments  were  40.3  and  143.5  mg/dl,  respectively.  These  errors  are  based  on  the  use 
of  a  single  dependent  variable  linear  regression  model.  However,  when  a  multiple  linear 
regression  model  of  the  form  of  equation  2  is  computed  using  both  the  open-loop  and 
closed-loop  signals,  the  average  SEC  is  dramatically  reduced  to  22.6  mg/dl,  thus 
demonstrating  the  advantage  of  such  a  system.  The  glucose  prediction  results  for  one  of 
the  multi-spectral  experiments  are  shown  in  Figure  2. 

The  next  experiment  was  conducted  to  test  the  in  vivo  sensitivity  of  the  designed 
polarimetric  system  in  presence  of  motion  artifact.  This  experiment  utilized  the  newly 
designed  dual  wavelength  polarimeter  and  actual  glucose  samples  were  used.  Glucose 
samples  were  varied  between  a  concentration  range  of  0  to  600  mg/dl  in  100  mg/dl 
increments  and  placed  in  a  1  cm  sample  cell  before  the  polarized  beam  entered  the  eye  of 
a  live  rabbit.  The  analog  controller  was  used  to  keep  the  system  nulled  in  the  presence  of 
motion  artifact  and  the  open-loop  signal  was  recorded  as  a  measure  of  glucose.  Each 
sample  was  placed  individually  in  the  sample  cell  and  the  open-loop  single  frequency 
component  of  the  green  laser  was  recorded  for  two  seconds  at  a  sample  rate  of  10  Hz. 
Least-squares  linear  regression  was  used  to  compute  a  linear  model.  This  model  was  then 
used  to  predict  glucose  concentration.  The  results  from  this  experiment  are  shown  in 
Figure  3.  There  is  a  linear  trend  (R=0.95)  in  predicted  versus  actual  glucose 
concentrations.  This  indicates  that  the  current  system  is  sensitive  enough  to  measure  the 
small  rotations  due  to  the  physiological  glucose  concentrations  in  the  presence  of  motion 
artifact.  Although  the  current  system  does  to  some  degree  compensate  for  motion  artifact 
in  the  short-term,  long-term  gross  changes  in  comeal  birefringence  due  to  motion  artifact 
still  remain  a  problem. 


Mufe  spectral  Gfcicos*  Pracf  chon 


Figure  2:  Glucose  prediction  in  the  presence  of  albumin  using  a  multi-spectral 
model 
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Figure  3:  In  vivo  sensitivity  experiment 

As  detailed  in  the  second  year  proposal  plan,  we  will  fully  characterize  the 
wavelength  dependency  of  the  comeal  birefringence  and  will  investigate  multi-spectral 
and  post-processing  techniques  to  further  remove  or  compensate  for  its  effects  in  the 
detected  signal. 

Specific  A  im  #2: 

A  coupling  device  was  designed  and  used  quite  successfully  to  overcome  index  of 
refraction  changes  as  described  in  detail  in  the  second  quarter  report  (See  appendix  1  - 
report  2  and  Appendix  2  -  paper  l).  The  sensitive  dual  wavelength  polarimetric  system 
has  been  previously  described  above  (Also  see  appendix  2  —  paper  1). 

Specific  Aim  #3/ 

A  preliminary  experiment  was  previously  performed  in  an  effort  to  characterize 
the  blood  glucose  response  for  NZW  rabbits  over  time  for  the  current  anesthesia  protocol 
(described  in  Appendix  1  -  report  5).  In  addition  to  the  anesthesia  effects  of  this 
protocol,  an  elevation  in  the  blood  glucose  levels  is  also  initiated  in  the  animal.  As  a 
recap  from  the  previous  quarter,  the  following  information  was  concluded: 

■  The  rising  trend  in  blood  glucose  levels  in  response  to  the  anesthesia  protocol 
is  similar  between  rabbits. 

■  Blood  glucose  levels  can  be  expected  to  rise  from  100  mg/dl  (basal  levels)  to 
approximately  220  mg/dl  throughout  the  course  of  the  experiment 

■  Blood  glucose  levels  should  peak  approximately  80  minutes  after  the  initial 
administration  of  the  anesthesia,  at  which  point  the  will  begin  to  decline 
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■  A  sampling  interval  of  10  minutes  should  be  sufficient  during  the  first  65 
minutes  of  the  experimental  procedure,  after  which  the  time  between  samples 
should  be  reduced  to  3-5  minutes  (in  order  to  increase  the  response  resolution) 
as  the  peak  in  the  blood  glucose  response  is  approached. 

Using  this  information,  an  experiment  was  devised  and  conducted  to  physically 
measure  the  time  delay  between  the  blood  and  aqueous  humor  levels.  These  experiments 
were  conducted  over  a  series  of  weeks,  in  which  the  blood  glucose  levels  of  five  New 
Zealand  White  rabbits  were  elevated.  As  previously  mentioned,  the  method  of  glucose 
concentration  elevation  is  due  to  a  side  effect  of  the  anesthesia  protocol  used.  The 
resulting  effect  is  that  xylazine  causes  a  significant  but  temporary  rise  in  blood  glucose 
levels  and  thus  also  in  the  aqueous  humor  of  the  eye.  This  effect  is  desirable  in  our 
investigation  because  the  blood  glucose  levels  are  similar  to  those  seen  in  diabetic 
patients  without  having  to  permanently  induce  diabetes  or  give  a  bolus  injection  of 
glucose.  Because  the  aqueous  humor  sampling  during  this  investigation  was  invasive, 
requiring  the  puncturing  of  the  cornea,  the  experiments  were  conducted  over  a  five- week 
period.  Glucose  measurements  were  collected  over  a  localized  forty-minute  time 
interval  centered  about  the  blood  glucose  peak.  During  each  week,  at  different  times,  a 
single  0.3  ml  blood  sample  and  a  0.1  ml  sample  of  the  aqueous  humor  of  the  eye  from 
each  rabbit  were  passively  extracted  using  a  27  gauge  needle.  All  samples  were 
withdrawn  in  five-minute  increments  at  a  given  instance  in  time  in  reference  to  the  time 
the  rabbit  was  anesthetized. 

The  reasoning  behind  conducting  the  experiment  over  a  period  of  weeks  was  to  insure 
the  integrity  of  the  blood-aqueous  barrier,  such  that  it  was  not  affected  due  to  the  comeal 
penetration.  Once  the  cornea  is  punctured,  there  is  a  change  in  intraocular  pressure  and 
fluid  can  leak  out  at  the  puncture  site  leading  to  an  alteration  in  glucose  transport,  an 
influx  of  proteins,  and  other  molecules  that  normally  would  not  be  present  in  the  eye. 
Therefore,  in  this  investigation  only  a  single  measurement  was  acquired  per  rabbit  per 
week  and  sufficient  time  (two  weeks)  was  provided  for  the  eye  to  heal  and  glucose 
transport  within  the  eye  to  normalize. 

The  collected  samples  were  analyzed  using  a  One-Touch  Basic  (Lifescan,  Milpitas, 
CA)  hand-held  glucose  meter,  a  Glucometer  Elite  (Bayer  Diagnostics,  Tarrytown  NY) 
hand-held  glucose  meter,  and  a  YSI  (YSI,  Yellow  Springs,  OH)  2300  glucose  analyzer. 
Since  the  samples  analyzed  with  the  YSI  meter  were  performed  at  a  different  location, 
the  samples  were  placed  in  vacutainers  (Becton-Dickinson,  Franklin  Lakes,  NJ) 
containing  sodium  fluoride  and  potassium  oxalate.  The  purpose  of  the  sodium  fluoride 
and  potassium  oxalate  is  to  prevent  blood  coagulation  and  to  quench  any  further  glucose 
metabolism. 

To  aid  in  the  determination  of  the  time  delay  between  blood  and  aqueous  humor 
glucose  levels,  a  second  order  polynomial  curve  was  fitted  around  the  peak  responses  for 
both  the  blood  and  aqueous  humor  glucose  response  curves  in  each  rabbit.  The  time  peak 
occurred  was  determined  from  the  fitted  data.  The  time  delay  between  the  blood  and 
aqueous  humor  glucose  levels  was  defined  as  the  differences  in  time  between  the  peaks 
of  the  aqueous  humor  and  blood  glucose  peak,  as  shown  in  the  following  equation: 

T  —T  —T  (3) 

*  delay  ^  peak  aqueous  peak  blood 
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The  results  of  the  time  delay  experiment  for  a  single  rabbit  are  shown  in  Figure  4. 
For  this  plot,  all  the  measurements  presented  are  the  glucose  levels  predicted  via  the  YSI 
glucose  analyzer.  The  YSI  values  were  chosen  instead  of  those  obtained  by  the  other 
meters  due  to  its  superior  sensitivity  and  accuracy.  It  should  be  noted  that  since  all 
samples  analyzed  by  the  YSI  were  combined  with  sodium  fluoride  and  potassium 
oxalate,  the  predicted  glucose  levels  were  slightly  lower  than  actual.  This  was  due  to  a 
slight  confounding  effect,  however,  this  was  not  of  a  concern  because  the  time  delay 
measurements  are  based  on  the  time  of  the  peak  locations,  not  the  actual  glucose  levels. 

Using  the  fitted  curves,  the  peak  locations  in  time  for  both  the  blood  and  aqueous 
humor  glucose  levels  were  identified.  The  time  delay  was  then  computed  according  to 
equation  3.  The  estimated  average  time  delay  for  the  five  rabbits  is  3.44  minutes  with  a 
standard  deviation  of  4.9  minutes.  The  importance  of  these  results  is  due  to  the  fact  that 
if  the  aqueous  humor  of  the  eye  is  to  be  used  as  an  indirect  measure  of  blood  glucose,  the 
time  delay  must  be  small  enough  to  provide  useful  information  to  the  diabetic  in  regards 
to  their  blood  glucose  levels.  This  is  extremely  important  for  type  I  diabetics  who  do  not 
produce  insulin  and  can  have  significant  variations  in  their  blood  glucose  levels  over  a 
very  short  period  of  time.  Therefore,  the  time  delays  measured  in  this  investigation  show 
that  the  anterior  chamber  of  the  eye  can  be  used  as  an  eventual  sensing  site  for  the 
development  of  a  noninvasive  blood  glucose  monitor. 


Time  (minutes) 


Figure  4:  Time-delay  results  for  a  single  NZ^  rabbit 
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III.  Conclusions 


Overall,  in  the  first  year  and  one  half,  which  includes  the  no-cost  six  month 
extension,  all  aims  have  now  been  completed.  The  conclusions  drawn  from  this  work  are 
the  following: 

1.  Comeal  birefringence  can  be  minimized  with  a  good  choice  of  input 
polarization.  This  birefringence  is  problematic,  however,  in  the  presence  of 
motion  artifact  (i.e.  breathing  and  heart  beat)  but  has  been  reduced  using  a 
simultaneous  two  wavelength  system,  one  wavelength  monitored  using  an 
open  loop  configuration  and  one  using  a  closed  loop  configuration.  In  year 
two,  the  focus  needs  to  be  on  utilization  of  a  multispectral  system  and  more 
sophisticated  post-processing  using  first  and  second  order  harmonic 
information  to  further  overcome  this  motion  induce  birefringence. 

2.  The  presence  of  other  optically  active  components  in  the  aqueous  humor 
solution  are  minimal  and  the  small  rotations  that  do  occur  were  effectively 
eliminated  with  the  use  of  a  multispectral  approach. 

3.  An  effective  coupling  device  has  been  designed  and  utilized  to  overcome 
index  of  refraction  mismatch  between  the  air-comea  interface  and  the  two 
wavelength  polarimeter  shows  the  required  sensitivity  for  glucose  monitoring 
at  physiologic  levels. 

4.  The  time  delay  between  blood  and  aqueous  humor  glucose  concentration  has 
been  effectively  measured  across  five  rabbits  and  was  found  to  be  within  5 
minutes  on  average.  This  delay  is  comparable  to  reported  interstitial  fluid 
delays  and  is  sufficiently  small  for  the  device  to  be  useful  even  for  type  I 
diabetics. 


IV.  Patents  and  Commercialization 


To  date  there  have  been  no  patents  or  patent  disclosures  filed.  It  is  anticipated  that 
disclosures  will  be  filed  through  the  Texas  A&M  University  System  in  the  upcoming 
second  year  of  this  research.  If  the  in  vivo  animal  studies  are  successful  in  year  two,  then 
a  rigorous  effort  will  be  made  to  secure  additional  outside  funds  for  diabetic  animal 
studies  and  pre-clinical  studies.  An  industrial  partner  will  be  solicited  in  order  to  develop 
this  bench-top  technology  into  a  working  prototype  and  perform  pre-clinical  studies  and 
eventually  clinical  trials. 
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I.  Task  Objectives: 

The  specific  objectives  of  this  one-year  research  project,  as  listed  in  the  original  proposal, 
are  as  follows: 


Specific  Aim  #1:  To  minimize  corneal  birefringence  artifacts  due  to  eye  motion  and  elucidate 
glucose  concentration  in  the  presence  of  other  optically  active  molecules  that  vary  in 
concentration. 


Specific  Aim  #2:  To  design,  implement  and  test  a  sensitive  polarimeter  that  allows  for  coupling 
in  and  out  of  the  eye. 

Specific  Aim  #3:  To  measure  the  time  delay  between  aqueous  humor  and  blood  glucose  levels. 


IT  Description  of  Results  from  the  first  quarter 

Specific  Aim  #/:  Overcoming  motion  artifact  and  other  chirallv  confounding  chemicals 

Over  these  first  3  months  a  real  time  two  laser  system  (wavelengths  of  670  nm  and  830 
nm),  similar  to  the  non-real  time  system  reported  previously  by  our  group,  was  built  (Figure  1) 
and  tested  for  both  motion  artifacts  as  well  as  the  ability  to  measure  glucose  in  the  presence  of 
albumin.  The  sensitivity  was  compared  to  our  previous  single  laser  system  and  found  to  be  less 
than  10  mg/dL  for  glucose  in  water  alone.  The  sensitivity  of  the  system  was  then  estimated  using 
glucose  in  the  presence  of  the  optical  chiral  confounder  albumin  in  doped  water  solutions. 
Sample  solutions  were  prepared  by  mixing  appropriate  amounts  of  glucose  and  albumin  to  cover 
their  respective  normal  and  abnormal  physiologic  ranges  in  the  eye  (0-400  mg/dL  glucose  and  0- 
100  mg/dL  albumin).  Although  the  actual  concentration  of  albumin  in  the  eye  is  only  5mg/dl, 
one  of  the  intentions  behind  the  system  designed  is  to  confirm  the  usefulness  of  dual  wavelengths 
to  account  for  the  optical  confounders  rotations  comparable  to  those  of  glucose.  Thus,  the 
concentrations  of  albumin  were  chosen  on  the  higher  side  than  normal  physiologic  levels.  Figure 
2  shows  the  plot  of  the  actual  glucose  concentration  versus  predicted  glucose  concentration  in  the 
presence  of  varying  albumin  obtained  using  the  two  wavelength  system  and  a  multiple  linear 
regression  approach.  As  depicted,  the  plot  is  very  linear  with  a  standard  error  in  the  glucose 
concentration  of  20  mg/dL.  This  error,  although  comparable  to  current  hand  held  glucose  meters, 
was  due  in  part  to  the  wavelengths  used  and  should  be  overcome  with  the  three  laser  system. 
Motion  artifact  data  was  taken  in  vitro  with  the  two  wavelength  system  by  moving  the  test  cell. 
The  results  are  plotted  in  Figure  3.  As  depicted,  the  motion  artifact  is  not  a  function  of 
wavelength  and  is  correlated  for  each  wavelength,  indicating  the  capability  for  it  to  be  subtracted 
or  otherwise  cancelled  out  within  the  system.  Since  the  rotation  of  the  light  due  to  changes  in  the 
concentration  of  glucose  are  wavelength  dependent  they  would  not  be  cancelled.  After  creating 
the  motion  artifact,  the  light  beams  did  not  pass  through  the  same  path  within  the  test  cell,  as  was 


indicate  by  a  different  feedback  voltage  required  to  null  the  same  concentration.  The  plots  thus 
show  that  although  the  feedback  voltage  to  achieve  the  null  state  changed  due  to  motion  artifacts, 
the  relative  difference  between  them  was  maintained  constant  This  was  remarkable,  as  the 
feedback  voltage  required  to  null  the  same  sample  was  different  in  both  cases,  Indicating  a  signal 
tracking  relationship  between  the  nulling  and  feedback  wavelength. 


Figure  1:  Block  diagram  of  the  two  laser  polarimetric  system  used  to  monitor  glucose  and  test 
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Figure  2:  Glucose  estimation  model  using  the  two  Figure  3:  Motion  artifact  plot  showing  the 

wavelength  (670nm  &  820nm)  polarimetric  system.  correlation  between  the  670  and  820  nm  signals. 


Given  the  early  positive  results  of  the  two  laser  system,  a  three  laser  system  has  been 
designed  and  is  in  the  process  of  being  built  for  use  in  in  vivo  rabbit  studies  as  described  in  the 
original  proposal. 


Specific  Aim.  #2±  Development  ofa  sensitive  volarimeter  and  an  eye  coupling,  device \ 
Simultaneously  with  the  two  laser  system,  over  this  first  month  an  initial  eye  coupling 
device  was  built  and  tested  on  two  New  Zealand  White  rabbits.  Using  the  first  NZW  rabbit  the 
results  were  positive,  in  that  we  were  able  to  couple  light  through  the  aqueous  humor  in  vivo  as 
shown  in  Figure  4a.  We  were  also  able  to  measure  the  double  frequency  signal  as  shown  in  the 
close-up  digital  photograph  the  oscilloscope  screen  in  Figure  4b.  In  order  to  assess  repeatability 


in  coupling  with  this  device  we  tried  the  same  experiment  on  the  second  NZW  rabbit  which  was 
considerably  smaller  than  the  first.  We  were  able  to  weakly  couple  light  through  the  anterior 
chamber  but  were  not  able  to  obtain  a  double  frequency  component.  This  was  primarily  a  result 
of  the  inability  of  the  coupling  lens  to  accommodate  for  the  smaller  size  of  the  rabbits  eye.  Based 
on  these  results  a  more  flexible  water  filled  coupling  device  is  being  designed  and  built. 


Figure  4:  (a)  Photograph  of  the  rabbit  with  the  initial  eye  coupling  device  in  the  polarimetric  sensing 
system  and  (b)  double  sinusoidal  frequency  depicted  on  the  oscilloscope  indicating  a  functional  nulled 
system  along  with  the  single  frequency  reference  signal. 


Specific  Aim  Ml  1M  (M  time  lag  between  blogdmdaguepus  humorjjucose . 

Over  the  next  few  months  the  tasks  to  accomplish  this  aim  will  begin.  We  will  test  the 
eye  coupling  design  and  re-design  if  required.  Once  the  coupling  device  is  working  across 
several  different  sized  rabbits  and  the  three  laser  system  is  working  in  vitro,  we  will  integrate  the 
optical  system  with  the  coupling  device  and  quantify  the  time  lag  in  vivo  (Previous  work  has 
indicated  this  to  be  on  the  order  of  minutes).  Lastly,  at  the  end  of  the  first  year  and  beginning  in 
the  second  year  with  the  time  lag  known  we  will  test  the  sensitivity  of  the  device  to  the  accurate 
quantification  of  glucose  in  vivo  in  rabbits.  As  discussed  below,  throughout  the  second  year  the 
major  aims  are  to  perform  studies  on  a  small  number  of  rabbits  and  redesign  the  system  as 
required  to  get  quantifiable  results. 
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1  TaSk”Sc  objectives  of  this  one-year  research  project,  as  listed  in  the  original  proposal, 
are  as  follows: 

Aim  #/.  Jo  minimize  corneal  birefHngence  artifacts  due  to  eye  motion  and  elucidate 
!££  ZZLnL  in  dm  presence  of  odrer  optically  ac.ve  molecules  dta,  vrny  ,n 

concentration. 

Specific  Aim  U2 :  To  design,  implement  and  test  a  sensitive  polarimeter  that  allows  for  coupling 
in  and  out  of  the  eye. 

Specific  Aim  #3:  To  measure  the  time  delay  between  aqueous  humor  and  blood  glucose  levels. 

IT  Description  of  Results  fr™  the  second  quarter 

for  this  aim  were  spent  on  developing  a  two  tor  system for r  elucidating 
1  ne  •  t.  nrt<ence  of  other  optically  chira  molecules  while  the  focus  of  the 

C^XTT^nd  ndcTSs  ata  wls  spent  toward  development  of  a  tor 

.  f  ^^-terization  of  the  corneal  birefringence.  The  aim  of  the  study  is  to  characterize 
Ae  birefringence  of  a  rabbit  cornea  in  vitro  and  in  vivo,  in  order  to  obtain  qualitative  as  welljas 
^titetive  “formation  of  the  birefringent  properties  of  the  cornea.  The  results  from  this  study 
L  also  essential  to  better  develop  the  mechanism  to  help  compensate  for  variations  m  toe 
corne^3 birefringence  in  the  experiments  performed  for  the  in  vivo  detection  of  glucose  in  the 
”humorgof  the  rabbit  cornea.  The  basic  setup  of  this  study  is  as  shown  m  Figure  1.  In 

order  to  fully  characterize  the  birefringence  and  polarization  of \  m£\ x  vJ  49 

we  will  be  the  first  group  to  attempt  to  obtain  all  16  elements  of  the  4x4  Mueller  Matrix  via  49 
images  acquired  using  various  input  and  output  polarization  optics.  These49  images  consist  o 
“^nations  of  Open(no  optics),  Linear(  Horizontal  /  Vertical),  +/-  45°,  Right  and  Left  Circular 
polarized  light,  at  the  input  and  output  stage. 


Figure  1 :  Basic  setup  for  the  birefringence  study 
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As  depicted,  a  Helium  Neon  laser  (632.8nm  wavelength  and  6.5  mW  output  power),  was 
used  to  provide  a  collimated  Input  laser  beam.  As  mentioned,  the  laser  beam  was  polarized  via 
various  polarization  optics,  such  as  the  polarizer  (Polaroid),  a  W  wave  plate  and  a  cylindrical  lens, 
to  obtain  the  desired  input  polarization.  The  beam  was  then  directed  onto  the  sample.  Alter 
nasslnc  through  the  sample,  the  beam  Is  imaged  through  polarization  analyzer  optics  (similar  to 
the  input  polarizer  and  V*  wave  plate).  A  CCD  Camera  (16-bit,  TE  cooled)  was  then  used  at  the 
final  output  stage  to  convert  the  optical  Images  into  electronic  signals.  The  CCD  array  size  was 
338x244  atvi  the  pixel  size  was  10x10pm2.  The  exposure  time  for  the  camera  was  set  at  .06 sec. 


Recently,  we  began  our  first  set  of  experiments,  in  which  the  sample  used  was  water, 
which  is  known  to  have  zero  birefringence.  This  was  done  in  order  to  obtain  a  set  of  reference 
images.  The  results  from  these  initial  experiments  showed  that  since  the  power  of  the  laser 
source  was  high  (6.5mW),  the  camera  would  become  saturated  and  thus  affect  the  quality  of  the 
images  The  saturation  of  the  camera  was  greatly  reduced  by  using  a  Neutral  Density  Filter  (1% 
transmission)  at  the  input  stage.  However,  this  has  not  completely  eliminated  the  problem. 
Hence  the  optimal  neutral  density  filter  and  exposure  time  of  the  camera  for  improving  the  image 
quality  are  currently  being  determined. 

Once  the  saturation  problem  is  overcome  an  image  of  a  material  with  known 
birefringence  QA  wave  plate)  will  be  acquired  in  the  next  quarter.  These  images  will  be  taken  in 
order  to  draw  a  comparison  between  the  birefringent  and  non-birefringent  samples.  In  the  third 
set  of  experiments,  excised  rabbit  eyes  will  be  used  as  the  sample.  The  eye  coupling  device 
described  under  specific  aim  2  below  will  be  used  to  hold  the  cornea  in  proper  position  A 
cylindrical  lens  will  placed  after  the  laser,  in  order  to  pass  a  laser  beam  with  a  horizontal  profile 
through  the  cornea.  This  will  enable  us  to  study  the  birefringence  at  different  points  along  the 
same  plane  or  level  in  the  cornea.  We  expect  to  see  a  variation  in  the  birefringence  pattern,  as  we 
move  from  the  center  of  the  cornea  to  the  periphery.  It  is  already  known  that  the  birefringence  at 
the  center  of  the  cornea  is  approximately  zero  and  increases  at  the  edges.  Therefore,  this 
information  will  be  used  to  qualitatively  verify  proper  functioning  of  our  system  in  vivo. 


Specific  Aim  #2: 

Over  the  first  quarter  an  initial  eye  coupling  device  was  built  and  tested  on  two  New 
Zealand  White  (NZW)  rabbits.  Using  the  first  NZW  rabbit  the  results  were  positive,  in  that  we 
were  able  to  couple  light  through  the  aqueous  humor  in  vivo.  In  order  to  assess  repeatability  in 
coupling  with  this  device  we  tried  the  same  experiment  on  the  second  NZW  rabbit  which  was 
considerably  smaller  than  the  first  We  were  able  to  weakly  couple  fight  through  the  anterior 
chamber  but  were  not  able  to  obtain  a  double  frequency  component  This  was  primarily  a  result 
of  the  inability  of  the  coupling  lens  to  accommodate  for  the  smaller  size  of  the  rabbits  eye  The 
eye  coupling  mechanism  also  had  several  other  inherent  problems.  For  instance  excessive 
negative  pressure  was  needed  to  bring  the  eye  up  into  the  device  resulting  in  eye  trauma.  In 
addition,  the  eye  would  often  become  tilted  in  the  device  making  the  coupling  of  fight  through  the 
anterior  chamber  difficult.  Lastly,  the  plastic  lens  used  in  the  original  design  was  extremely 
birefringent  In  order  to  address  these  issues,  the  eye  coupling  mechanism  was  redesigned  to 
eliminate  these  inherent  problems.  The  newly  designed  device  is  shown  in  Figure  2. 
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Fieure  2:  (a)  Block  diagram  of  the  newly  designed  rabbit  eye  coupling  device,  (b)  Image  of  the 
eye  coupling  device,  (c)  Eye  coupling  device  used  with  a  rabbit  showing  the  laser  passing  through 
the  aqueous  humor. 


This  coupling  mechanism  consists  of  an  open  ended  cylindrical  glass  shaft  that  is  placed  over  the 
cornea.  The  shaft  has  two  ports,  one  port  allows  saline  to  be  injected  into  the  cylinder  and  the 
other  port  acts  as  a  vent  to  equalize  the  inside  pressure  to  that  of  the  atmosphere.  The  saline  acts 
as  an  index  matching  fluid  allowing  light  to  propagate  in  a  straight  path  through  the  anterior 
chamber.  The  input  laser  beam  is  coupled  through  the  eye  by  first  reflecting  off  a  45°  mirror 
mounted  on  the  device.  This  beam  then  enters  a  right  angle  prism  at  the  base  of  the  device.  The 
prism  acts  as  a  flat  optical  window  into  the  inner  chamber  of  the  shaft.  The  beam  then  propagates 
through  the  anterior  chamber  of  the  eye  and  exits  the  device  via  another  right  angle  prism.  The 
exit  beam  is  then  reflected  upward  to  a  second  45°  mirror  that  reflects  the  light  toward  the 
analyzer/detector. 

The  newly  designed  device  was  tested  on  4  rabbits  across  6  days  with  two  rabbits  tested 
twice,  and  has  yielded  a  more  repeatable  and  stronger  signal  (depicted  in  Figure  3)  than  the 
previous  apparatus.  There  was  some  long  term  drift  detected  which  appeared  to  be  a  result  of  the 
large  beam  diameter  which  manifests  itself  as  birefringence  due  to  motion  artifact  of  the  sample 
and  fluctuations  across  the  face  of  the  detector.  This  was  minimized  by  aperturing  the  input  beam 
to  a  pinpoint  collimated  beam. 


3 


Specific  Aim  #3: 

Given  the  new  eye  coupling  design  and  pinpoint  collimation  developed  in  this  quarter 
preliminary  testing  to  characterize  the  time  delay  between  blood  and  aqueous  humor  glucose 
levels  has  recently  begun.  In  order  to  characterize  the  time  delay,  initially  a  concentrated  bolus 
injection  of  glucose  was  given  through  the  stomach.  However,  this  often  resulted  in  a  gross 
movement  artifact  upon  administering  the  injection,  interrupting  the  course  of  the  experiment. 
Thus,  an  intravenous  infusion  of  a  5%  solution  of  dextrose  was  investigated.  Within  the  first  5 
minutes  of  infusion,  a  blood  glucose  reading  was  obtained.  It  was  observed  that  within  this  time 
blood  glucose  levels  were  already  greater  than  300  mg/dl  and  over  the  course  of  40  minutes 
raised  to  just  over  400  mg/dL.  This  problem  has  been  tracked  down  to  the  drugXylazine,  which 
is  part  of  our  anesthesia  protocol  and  was  found  to  elevate  glucose  by  over  200  mg/dL  over  a  one 
hour  period.  This  property  of  Xylazine,  is  thus  being  investigated  as  a  mechanism  to  bypass 
glucose  injections  in  normal  rabbits.  It  will  be  administered  after  the  eye  coupling  device  has 
been  placed  on  the  rabbit  and  may  provide  a  convenient  method  of  raising  blood  glucose  to 
considerably  elevated  levels  in  a  short  period  of  time. 

We  will  use  the  new  eye  coupling  design  and  protocol  over  the  next  six  months  to 
quantify  the  time  lag  in  vivo  by  varying  the  glucose  concentration  and  monitoring  the  blood 
glucose  with  standard  meter  technology.  These  measurements  will  be  compared  to  the  reading  of 
the  aqueous  humor  glucose  level  utilizing  the  single  laser  system.  Beginning  in  the  second  year, 
with  the  time  lag  known,  we  can  then  combine  the  multi-wavelength  system  with  the  eye 
coupling  device  to  demonstrate  the  sensitivity  of  the  device  to  the  accurate  quantification  of 
glucose  in  vivo  in  rabbits. 
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LTaskObtecUves; 

The  specific  objectives  of  this  one-year  research  project,  as  listed  in  the  original  proposal, 
are  as  follows: 

Specific  Aim  #1:  To  minimize  corneal  birefringence  artifacts  due  to  eye  motion  and  elucidate 
glucose  concentration  in  the  presence  of  other  optically  active  molecules  that  vary  in 
concentration. 

Specific  Aim  if 2:  To  design,  implement  and  test  a  sensitive  polari meter  that  allows  for  coupling 
in  and  out  of  the  eye. 

Specific  Aim  ft 3 :  To  measure  the  time  delay  between  aqueous  humor  and  blood  glucose  levels. 

II.  Description  of  Results  from  the  third  quarter 
Specific  Aim  #1: 

The  first  quarter  for  this  aim  were  spent  chi  developing  a  two  laser  system  for  elucidating 
glucose  concentration  in  the  presence  of  other  optically  chiral  molecules  while  the  focus  of  the  in 
the  second  quarter  under  this  aim  was  spent  toward  design  and  initial  development  of  a  laser 
system  for  characterization  of  the  corneal  birefringence.  In  the  third  quarter  results  were  obtained 
with  the  designed  system  and  compared  to  the  theory  for  a  known  birefringent  material  (quarter 
waveplate).  To  re-iterate  from  the  last  report,  the  aim  of  the  study  is  to  characterize  the 
birefringence  of  a  rabbit  cornea  in  vitro  and  in  vivo,  in  order  to  obtain  qualitative  as  well  as 
quantitative  information  of  the  birefringent  properties  of  the  cornea.  The  results  from  this  study 
are  essential  to  better  develop  the  mechanism  to  help  compensate  for  variations  in  the  corneal 
birefringence  in  the  experiments  performed  for  the  in  vivo  detection  of  glucose  in  the  aqueous 
humor  of  the  rabbit  cornea.  The  basic  setup  of  this  study  is  as  shown  in  Figure  1.  In  order  to 
fully  characterize  the  birefringence  and  polarization  of  the  light  passing  through  the  eye,  we  will 
be  the  first  group  to  attempt  to  obtain  all  16  elements  of  the  4x4  Mueller  Matrix  via  49  images 
acquired  using  various  input  and  output  polarization  optics.  These  49  images  consist  of 
combinations  of  Open  (no  optics),  Linear(  Horizontal  /  Vertical),  +/-  45°,  Right  and  Left  Circular 
polarized  light,  at  the  input  and  output  stage.  The  optical  setup  used  to  characterize  birefringence 
is  shown  in  Figure  1.  The  light  source  was  a  uniform  intensity  beam  obtained  from  a  tungsten 
halogen  lamp  whose  intensity  was  reduced  using  a  neutral  density  filter  (1%  Transmission). 
Various  input  polarization  states  were  obtained  through  different  orientations  of  polarization 
optics  which  included  either  a  sheet  polarizer,  a  V*  wave  plate,  or  both.  This  beam  was  then 
directed  onto  the  sample.  After  passing  through  the  sample,  the  beam  was  imaged  through 
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polarization  analyzer  optics  (similar  to  the  Input  stage)  using  a  16-bit,  TE  cooled  CCD  camera. 
The  CCD  array  size  was  338x244  and  the  pixel  size  was  10x10pm  . 


In  the  experiments  performed  in  the  second  quarter  the  linages  were  saturated,  requiring 
the  selection  of  aSoptimal  neutral  density  filter  and  exposure  time.  In  this  third  quarter,  our  first 
^  of  Aments  used  an  exposure  time  of  0.01  seconds  and  neutral  density  of  Mb 
transmission  for  the  quarter  waveplate  sample  which  elimlnatedthe  nondoii 
quarter  waveplate  was  selected  as  the  sample  because  it  has  known  birefringence  Properties 
SSToSd  te  used  as  a  reference  in  order  to  obtain  a  set  of  16  Mueller  matrix  images  and  then 
^  compared  to  simulated  theoretical  image  set  The  results  from  these  experiments  are  shown  in 

Figure  2. 


Figure  1:  Optical  Setup-  L:  Tungsten  Halogen  lamp,  F:  Neutral  Density  Filter.  I:  Input  Polarizing 
Optics,  S:  Sample,  O:  Output  Polarizing  Optics,  C:  CCD  camera. 


In  order  to  verify  the  operation  of  the  experimental  system,  two  of  the  Mueller  elements 
/  nnlarization  optics  si  1,  and  a  combination  of  horizontal  and  vertically  aligned  input  and 

W(hv.+vhJ)  were  alcelaed  theoretically  ahd  ohutoed 

experimentally  for  the  sample  quarter  waveplate  routed  to  +45’.  Figure  2  shows  the 
andecperimental  images  obtained  for  each  of  the  two  elements  of  the  Mueller  Matrix.  The 
experimental  images  have  been  cropped  to  remove  the  mounting  apparatus  and  show  the  uniform 
intensity  in  the  center  of  the  quarter  waveplate.  As  expected,  the  element  sll  shows  a  *“gher 
intensity  due  to  the  absence  of  input  and  output  polarization  optics.  The  dement  s22  shows  a 
lower  intensity  in  the  experimental  setup,  due  to  the  presence  of  the  input  and  output  polarization 
optics  All  16  dements  of  the  Mudler  matrix  were  calculated  theoretically,  and  the  49  images 
required  for  recreating  the  Mueller  matrix  from  the  experimental  data  are  still  being  collected. 


We  are  now  beginning  a  new  set  of  experiments  using  excised  rabbit  eyes  as  the  sample. 
Initially  the  excised  rabbit  eye  was  placed  in  a  simple  holder,  which  in  turn  was  placed  in  a  glass 
(non  birefringent)  cuvette  with  parallel  sides.  However,  many  problems  were  encountered  while 
collecting  the  images,  due  to  the  tilting  of  the  eye  and  floating  of  the  eye  in  the  saline  solution. 
This  hindered  the  process  of  focussing  at  the  same  region  for  different  orientations  of  the  input 
and  output  polarization  optics,  which  in  turn  provided  incorrect  analysis.  Thus,  an  eye  coupling 
device  was  designed,  as  depicted  in  Figure  3,  in  order  to  hold  the  cornea  in  proper  position  In 
this  setup  being  used  to  mount  the  rabbit  eye,  the  holder  is  screwed  firmly  on  to  the  glass  cuvette, 
preventing  it  from  floating  in  the  saline  solution.  Also,  in  order  to  hold  the  eye  in  place,  negative 
pressure  is  applied  via  a  tiagon  tubing,  one  end  of  which  is  connected  to  the  bottom  of  the  holder 

and  the  other  to  a  syringe. 
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Figure  2'  (a)  and  (b)  show  the  theoretical  and  experimental  images  obtained  for  the  Mueller 
element  si  1  (no  polarization  optics).  In  (b)  the  dark  background  is  seen  due  to  the  imaging  of  the 
background  (1/4  wave  plate  mount)  as  well,  (c)  and  (d)  show  the  theoretical  and  experimental 
images  obtained  for  the  element  s22([hh+w]-[hv+vhj).  As  can  be  seen  from  the  color  bar  the 
intensity  is  almost  zero. 


►Taigon  tubing 


>■  saline 
►  Rabbit  eye 

- ►Holder 

■►  Glass  cuvette 


Figure  3:  Rabbit  eye  holder  for  in  vitro  experiments  on  corneal  birefringence  characterization 
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In  the  second  set  of  experiments,  images  were  obtained  of  a  rabbit  cornea  for  the  case  of 
no  Dolarization  optics  and  compared  with  the  image  for  the  crossed  polarization  state.  As 
«pSS^^for  the  croSd  state  showed  varying  intensity  (birefringence)  along  the  edges 

of  the  cornea  and  almost  zero  intensity  at  the  apex  (Figure  4). 


Figure  4 :  (a)  Image  of  rabbit  cornea  with  no  input  and  output  polarizers,  (b)  Image  of  the  rabbit 
cornea  for  the  crossed  state  of  input  and  output  polarizers. 

The  in  depth  analysis  of  the  birefringence  in  the  rabbit  cornea  is  in  the  initial  stage.  The 
results  obtained  from  the  first  set  of  experiments  on  the  rabbit  cornea  were  promising  and  enables 
us  to  direct  the  research  towards  obtaining  the  49  images  of  the  rabbit  cornea  for  different 
orientations  of  the  input  and  output  polarization  optics.  These  49  images  will  then  be  used  to 
calculate  the  16  Mueller  elements,  which  will  provide  the  required  quantitative  characterization 
of  the  corneal  birefringence. 

Specific  Aim  #2: 

Over  the  first  quarter  an  initial  eye  coupling  device  was  built  and  tested  on  two  New 
Zealand  White  (NZW)  rabbits.  Using  the  first  NZW  rabbit  the  results  were  positive,  in  that  we 
were  able  to  couple  light  through  the  aqueous  humor  in  vivo.  In  order  to  assess  repeatability  in 
coupling  with  this  device  we  tried  the  same  experiment  on  the  second  NZW  rabbit  which  was 
considerably  smaller  than  the  first.  We  were  able  to  weakly  couple  light  through  the  anterior 
chamber  but  were  not  able  to  obtain  a  double  frequency  component.  This  was  primarily  a  result 
of  the  inability  of  the  coupling  lens  to  accommodate  for  the  smaller  size  of  the  rabbits  eye.  The 
eye  coupling  mechanism  also  had  several  other  inherent  problems.  For  instance,  excessive 
negative  pressure  was  needed  to  bring  the  eye  up  into  the  device  resulting  in  eye  trauma.  In 
addition,  the  eye  would  often  become  tilted  in  the  device  making  the  coupling  of  light  through  the 
anterior  chamber  difficult  Lastly,  the  plastic  lens  used  in  the  original  design  was  extremely 
birefiingent  In  order  to  address  these  issues,  in  the  second  quarter  the  eye  coupling  mechanism 
was  redesigned  to  eliminate  these  inherent  problems.  The  newly  designed  device  was  a  main 
focus  of  the  second  quarter  report.  It  was  tested  on  4  rabbits  across  6  days  with  two  rabbits  tested 
twice,  and  yielded  a  more  repeatable  and  stronger  signal  than  the  previous  apparatus.  There  was 
some  long  term  drift  detected  which  appeared  to  be  a  result  of  the  large  beam  diameter  which 
manifests  itself  as  birefringence  due  to  motion  artifact  of  the  sample  and  fluctuations  across  the 
face  of  the  detector.  This  was  reduced  by  aperturing  the  input  beam  to  a  pinpoint  collimated 
beam.  However,  there  is  still  some  motion  artifact  during  the  polarimetric  measurement  of 
glucose  in  which  spatial  variations  in  birefringence  of  the  cornea  mask  the  small  rotations  due  to 
physiologic  glucose  levels.  Therefore,  one  task  specific  to  this  quarter  was  to  identify  the  main 
source  of  the  motion  artifact  and  to  develop  a  mechanism  to  eliminate  or  reduce  its  effect. 
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To  achieve  this  task  we  chose  to  continuously  monitor  the  double  frequency  component 
of  the  detected  polar! metric  signal  during  the  course  of  two  rabbit  experiments.  The  overall 
detected  signal  Is  modeled  by  the  following  equation: 
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The  nomenclature  is  as  follows:  the  net  rotation  (ft  is  equal  to  ft-  <fy  where  ft  is  the 
rotation  in  polarization  due  to  the  compensation  Faraday  rotator,  ft  is  rotation  due  to  the  optically 
active  sample,  6m  is  the  modulation  depth,  mu  is  the  modulation  frequency,  and  t  is  time.  As  can 
be  seen,  the  double  frequency  component  is  not  a  function  of  glucose  rotation  and  this  is  the 
reasoning  behind  it  not  being  used  as  part  of  the  controller  input  However,  any  motion  artifact 
resulting  in  variations  of  birefringence  will  be  directly  superimposed  on  this  term.  Therefore,  the 
overall  amplii  de  this  term  is  especially  suited  for  directly  monitoring  motion  artifact 

Through  the  use  of  a  digital  lock-in  amplifier,  the  amplitude  of  the  double  frequency  term 
(2“*  harmonic)  was  continuously  monitored  during  the  course  of  two  rabbit  experiments.  A 
partial  time  series  of  the  amplitude  of  the  2nd  harmonic  term  during  the  course  of  an  in  vivo 
polarimetric  experiment  is  presented  below: 


In  ideal  circumstances  (i.e  no  motion  artifact),  the  overall  amplitude  ot  me  2**  harmonic  term 
should  be  constant  Therefore,  in  the  ideal  case,  the  above  plot  should  merely  consist  of  a 
horizontal  line  since  the  lock-in  amplifier  outputs  a  DC  value  proportional  to  the  amplitude  of  the 
signal  of  interest.  However,  as  can  be  seen,  the  overall  amplitude  of  the  2“  harmonic  term  varies 
periodically  as  a  function  of  time.  The  motion  artifact  is  specifically  the  cause  of  these  variations. 
Therefore,  we  wanted  to  determine  the  specific  frequencies  present  in  the  oscillations  of  me 
discrete  time  series  in  order  to  isolate  the  main  sources  of  the  motion  artifact  To  achieve  this 
task,  spectral  analysis  utilizing  the  fast  Fourier  transform  was  performed  on  me  full  discrete  time 
series  to  determine  me  relative  energy  present  as  a  function  of  frequency.  The  following  is  me 
corresponding  energy  spectral  analysis  plot: 
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Ideally  in  an  anesthetized  rabbit  model  in  which  the  rabbit  is  lying  on  its  side,  possible 
motion  sources  include  breathing  and  the  cardiac  cycle.  In  a  human  patient,  presumably 
monitoring  upright,  these  artifacts  should  be  less  than  in  the  rabbit  model.  These  artifacts  occur 
at  approximately  60-100  breaths/min  and  200-300  beats  per  minute,  respectively.  In  terms  of 
cycles  per  second  (Hz),  these  correspond  to  1  to  1.7  Hz  (breathing)  and  3.3  to  5  Hz  (cardiac).  As 
can  be  seen  in  above  spectral  analysis  plot,  the  largest  peak  occurs  at  roughly  1.6  Hz, 
corresponding  to  breathing.  Other  high  frequency  peaks  also  occur  past  3.4  Hz  which  probably 
are  due  to  the  cardiac  cycle.  In  addition,  the  peak  near  0  Hz  is  due  to  the  average  value  of  the  2°d 
harmonic  signal  that  manifests  itself  as  a  DC  component,  as  mentioned  previously. 

Therefore,  confirming  the  major  motion  sources,  we  are  currently  in  the  process  of 
constructing  a  mechanism  to  help  reduce  the  transmission  of  motion  due  to  respiratory  and  the 
cardiac  cycle  to  the  eye  (the  site  of  polarimetric  testing).  This  device  consists  of  a  form  fitting 
body  cast  to  help  reduce  overall  body  movements,  as  well  as  a  head  fixation  device.  Specifically, 
the  head  fixation  device  consists  of  a  plate  positioned  over  the  head  of  the  rabbit.  This  plate 
holds  numerous  adjustable  fixation  pins  that  come  in  contact  with  the  head  to  hold  it  in  place. 
We  are  currently  in  the  process  of  testing  the  effectiveness  of  this  device. 
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Specific  Aim  #3: 

As  described  previously,  preliminary  testing  to  characterize  the  time  delay  between  blood 
and  aqueous  humor  glucose  levels  has  begun  but  with  no  quantifiable  results  to  date.  As 
reported,  we  did  find  that  a  bolus  infusion  in  the  stomach  produced  to  much  motion  artifact  to 
obtain  a  good  measurement  and  that  the  anesthetic  drug  inhibits  glucose  uptake  artificially 
elevating  the  glucose  level  as  high  as  450  mg/dL.  This  property  of  Xylazine,  is  thus  being 
investigated  as  a  mechanism  to  be  used  in  conjunction  with  glucose  injections  in  normal  rabbits. 
It  will  be  administered  after  the  eye  coupling  device  has  been  placed  on  the  rabbit  and  may 
provide  a  convenient  method  of  raising  blood  glucose  to  considerably  elevated  levels  in  a  short 
period  of  time.  With  these  results,  in  addition  to  the  new  eye  coupling  device  and  the  new 
fixation  device,  the  focus  this  quarter  will  be  to  quantify  this  time  delay. 
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1  Task  Objectives: 

The  specific  objectives  of  this  one-year  research  project,  as  listed  in  the  original  proposal, 
are  as  follows: 

Specific  Aim  til:  To  minimize  corneal  birefringence  artifacts  due  to  eye  motion  and  elucidate 
glucose  concentration  in  the  presence  of  other  optically  active  molecules  that  vary  in 
concentration. 

Specific  Aim  ti2:  To  design,  implement  and  test  a  sensitive  polarimeter  that  allows  for  coupling 
in  and  out  of  the  eye. 

Specific  Aim  ti3:  To  measure  the  time  delay  between  aqueous  humor  and  blood  glucose  levels. 

II.  Description  of  Results  from  the  fourth  quarter 
SpecificAim  til: 

The  fourth  quarter  for  this  aim  was  concentrated  on  developing  a  sensitive  multi- 
spectral  polarimeter  capable  of  experimentally  measuring  the  optical  rotatory  dispersion 
(ORD)  spectra  (i.e.  specific  rotation  versus  wavelength)  of  common  optically  active 
components  present  in  the  aqueous  humor  that  are  not  available  in  literature.  This  step  is 
needed  to  further  characterize  the  specific  wavelengths  that  would  be  required  to  make  a 
long-term  polarimetric  in  vivo  glucose  sensor  feasible  (i.e.  a  sensor  that  can  predict 
glucose  concentration  in  the  presence  of  other  optically  rotatory  components  that 
fluctuate  in  concentration  over  long-periods  of  time). 

The  basic  instrumentation  setup  designed  and  constructed  to  measure  the  ORD 
spectra  is  depicted  in  Figure  1 .  This  system  utilizes  a  white  light  source  in  conjunction 
with  a  monochromator  to  provide  a  multi- spectral  light  source.  The  input  wavelength 
into  the  polarimetric  system  is  determined  via  computer  control  of  the  orientation  of  the 
diffraction  grating  present  in  the  monochromator.  The  input  beam  is  polarized  via  a 
linear  polarizer  and  modulated  sinusoidally  by  a  Faraday  rotator.  The  beam  passes 
through  a  5  cm  optical  sample  cell  and  the  modulation  of  the  polarization  vector  is 
converted  to  intensity  modulation  via  the  analyzer  (simply  another  polarizer  with  its 
transmission  axis  normal  to  the  initial  polarizer).  A  lock-in  amplifier  measures  the 
component  of  the  detected  signal  at  the  modulation  frequency,  which  is  proportional  to 
the  optical  rotation  due  to  the  sample  A  program  was  written  in  Lab  VIEW  5.1  to 
automate  the  procedure  of  collecting  ORD  spectra,  involving  serial  control  of  the  input 


Figure  1 :  Optical  rotatory  dispersion  measurement  setup 

wavelength  and  acquisition  of  the  signal  component  at  the  modulation  frequency  via  a 
general  purpose  interface  bus.  In  order  to  compute  the  ORD  curves,  the  overall  system 
response  is  measured  with  a  water  reference  and  divided  out  to  obtain  the  ORD  spectrum. 
All  rotation  spectra  are  calibrated  to  the  known  specific  rotation  of  glucose  at  the  sodium 
D-line  (589  nm).  Specific  rotation  for  a  given  sample  is  then  computed  via  the  equation: 

i  a  =  kV 
LC  ~  LC 

Where  [a]  is  the  specific  rotation,  a  is  the  observed  rotation,  k  is  a  factor  to  convert  the 
detected  voltage  (V)  into  the  observed  optical  rotation,  L  is  path  length,  and  C  is  the 
concentration  of  the  sample.  At  present,  glucose  and  the  main  optically  active 
confounder  present  in  aqueous  humor,  albumin,  were  measured.  The  respective  ORD 
curves  are  shown  in  Figure  2a.  As  can  be  seen,  albumin  rotates  light  opposite  to  glucose. 
When  the  actual  rotation  due  to  the  normal  physiological  concentrations  of  glucose  and 
albumin  are  considered,  100  mg/dl  and  6  mg/dl,  respectively,  for  the  approximate  1  cm 
path  length  of  the  eye,  the  rotation  due  to  albumin  is  negligible  in  comparison  to  glucose, 
as  shown  in  Figure  2b.  We  are  currently  in  the  progress  of  characterizing  the  ORD 
curves  of  the  other  optically  active  components  found  in  the  aqueous  humor  and  utilizing 
statistical  methods  to  determine  the  optimal  and  minimal  set  of  wavelengths  needed  for 
accurate  in  vivo  glucose  prediction 
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Figure  2b:  Optical  rotation  of  glucose  and  albumin  at  physiological  aqueous  humor 
concentration  (Red-Glucose)  (Green  -  Albumin) 


Specific  Aim  it  2: 

As  reported  in  the  third  quarter  report,  spectral  analysis  of  the  acquired  time- 
based  in  vivo  polarimetric  signal  at  the  modulation  frequency  revealed  possible  sources  of 
motion  artifact  (including  respiratory  and  cardiac  cycles)  resulting  in  a  masking  of  the 
glucose  signature.  Therefore,  the  goal  of  this  quarter  was  to  specifically  identify  the 
sources  of  motion  artifact  and  minimize  their  effects.  To  achieve  this  goal,  a  real-time 
spectral  analyzer  was  created  utilizing  Lab  VIEW  5.1  and  an  A/D  board  to  compute  the 
spectral  response  during  the  course  of  the  animal  studies.  This  allowed  online  monitoring 
of  the  performance  of  modifications  made  during  the  course  of  the  in  vivo  experiment  for 
motion  artifact  reduction.  These  studies  consisted  of  five  in  vivo  experiments. 

As  indicated  in  the  third  quarter  report,  motion  artifact  due  to  the  respiratory  cycle 
was  singled  out  as  the  most  probable  source.  Therefore,  the  goal  of  this  quarter  was  to 
confirm  that  respiration  was  the  major  source  of  motion  artifact  and  to  investigate  various 
means  to  minimize  its  effects.  The  first  three  experiments  performed  this  quarter  were 
concentrated  on  developing  a  mechanism  to  reduce  these  effects.  It  was  originally 
thought  that  motion  from  the  lower  body  due  to  breathing  was  resulting  in  slight  head 
movements,  leading  to  the  observed  variations  in  the  detected  signal.  Initially,  the  lower 
body  was  placed  in  a  form  fitting  half-body  cast  and  a  belt-type  system  was  fixated  to  the 
optics  table  and  placed  over  the  upper  chest  area  of  the  rabbit.  The  belt  was  tightened  to  a 
point  such  that  normal  breathing  was  not  affected.  In  the  spectral  analyses,  no  noticeable 
differences  were  observed.  In  the  second  experiment,  a  shoulder  fixation  plate  was 
tested.  The  plate  did  reduce  the  transmittance  of  motion  from  the  lower  body  to  the  head, 
however,  significant  motion  artifact  corresponding  to  the  respiratory  cycle  was  still 
observed.  In  the  third  experiment,  in  addition  to  the  previous  fixation  methods,  a  rod 
and  pin  fixation  device  was  utilized.  No  noticeable  differences  in  the  detected  signal 
were  observed,  and  the  device  caused  slight  stretching  of  the  facial  skin  resulting  in 
movements  in  the  eye/coupling  device.  This  led  to  leaking  of  the  index  matching  fluid 
used  to  couple  the  light  through  the  anterior  chamber  of  the  eye  and  beam  alignment 
problems.  Upon  further  investigation,  the  majority  of  the  motion  artifact  due  to 
respiration  seems  to  be  caused  by  slight  eye  movements  resulting  from  the  eye  being 
located  anterior  to  the  nasal  passage. 

The  last  experiment  performed  investigated  the  use  of  a  two-detector  system,  as 
depicted  in  the  Figure  3.  Such  a  system  could  possibly  compensate  for  polarimetric 
measurements  in  the  presence  of  motion  artifact  via  a  differencing  technique.  In 
conjunction  with  monitoring  the  single  frequency  terms  present  on  both  detectors,  a 
bladder  type  respirometer  was  constructed  to  monitor  breathing.  As  can  be  seen  in  Figure 
4,  motion  artifact  due  to  respiration  is  shown  as  the  red  trace.  The  artifact  in  the 
polarization  signal  due  to  breathing  is  clearly  superimposed  on  both  detected  signals 
(blue  and  green  traces).  Other  higher  frequency  motion  artifact,  possibly  due  to  the 
cardiac  cycle,  is  also  observed  in  the  detected  signals.  One  possible  mechanism  to  reduce 
the  effects  of  respiration,  as  well  as  other  motion  artifacts,  could  be  accomplished  via  a 
differencing  technique,  in  which  the  difference  between  the  two  detectors  is  utilized  or 
via  real-time  filtering  techniques  to  remove  the  breathing  artifact.  These  are  currently 
under  evaluation. 
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Figure  3:  Block  Diagram  of  a  the  two-detector  system 
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Figure  4:  In  vivo  detected  signals  using  the  two  detector  system. 
Red  -  respiratory  signal 
Blue  -  Normal  Analyzer 
Green  -  Parallel  Analyzer 


Specific  Aim  #3: 


In  an  effort  to  reach  this  objective,  we  are  investigating  alternative  methods  to 
eliminate  motion  artifact  in  addition  to  the  modifications  discussed  as  part  of  specific  aim 
#2.  The  ability  to  intubate  the  lungs  to  bypass  the  nasal  passage  has  been  requested  as  an 
amendment  to  the  current  animal  protocol.  In  addition,  the  investigators  have  scheduled 
training  sessions  for  this  procedure.  Upon  approval,  this  method  will  be  investigated  as  a 
means  to  reduce  the  observed  motion  artifact.  Although  this  is  a  somewhat  invasive 
procedure,  it  potentially  has  the  ability  to  eliminate  the  majority  of  the  motion  artifact  due 
to  breathing.  This  potentially  will  enable  the  successful  completion  of  this  aim  and  aid  in 
the  proof  of  concept.  Work  on  the  polarimetric  measurement  of  glucose  in  the  presence 
of  motion  artifact  will  also  continue  to  make  an  in  vivo  sensor  more  feasible. 
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I.  Task  Objectives: 

The  specific  objectives  of  this  one-year  research  project,  as  listed  in  the  original  proposal,  are  as 

follows: 

Specific  Aim  #1:  To  minimize  corneal  birefringence  artifacts  due  to  eye  motion  and  elucidate  glucose 
concentration  in  the  presence  of  other  optically  active  molecules  that  vary  in  concentration. 

Specific  Aim  #2:  To  design,  implement  and  test  a  sensitive  polarimeter  that  allows  for  coupling  in  and 
out  of  the  eye. 

Specific  Aim  #3:  To  measure  the  time  delay  between  aqueous  humor  and  blood  glucose  levels. 

II.  Description  of  Results  from  the  fifth  quarter 
SpecificAjm  #i: 

The  optical  system,  originally  discussed  in  the  second  quarterly  report,  designed  to 
characterize  comeal  birefringence  involved  the  manual  adjustment  of  the  polarization  optics. 
These  optical  components  had  to  be  adjusted  in  49  different  combinations  throughout  the 
experiment  in  order  to  compute  the  Mueller  matrix  of  the  sample.  As  a  result,  the  entire  process 
of  collecting  the  49  images,  for  any  given  sample,  took  approximately  3-5  hours.  In  addition, 
with  so  many  degrees  of  freedom  in  the  experimental  setup,  such  as  rotating  the  optics  through 
different  angular  orientations,  it  was  extremely  difficult  to  replicate  measurements  for  a  given 
sample,  especially,  when  trying  to  characterize  the  variations  in  birefringence  expected  for  the 
cornea.  Therefore,  a  portion  of  this  quarter  was  spent  designing  and  constructing  a  new 
experimental  setup  that  employs  electro-optic  polarization  components  to  reduce  the  previously 
mentioned  difficulties,  primarily  the  collection  time. 

The  automated  system  designed  and  implemented  is  depicted  in  the  block  diagram  below: 
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The  polarizer  and  the  analyzer  are  fixed  with  their  transmission  axes  oriented  vertically 
throughout  the  experiment.  Both  polarization  rotators  and  variable  retarders  are  controlled 
electrically  by  changing  the  applied  voltage  to  the  device.  This  allows  for  very  precise  control  of 
all  the  combinations  of  input  and  output  polarizations  needed  to  reconstruct  the  Mueller  matrix 
of  the  sample.  It  takes  approximately  20  ms  to  adjust  the  electro-optic  components  versus  the 
manual  case  in  which  it  takes  several  minutes  to  adjust  the  polarization  components  for  each  of 
the  49  combinations.  Therefore,  in  the  final  automated  system,  the  Mueller  matrix  of  the  sample 
can  be  measured  in  a  matter  of  seconds  versus  the  3-5  hours  needed  for  the  manual  system.  In 
addition,  such  an  automated  imaging  system  could  allow  for  the  extraction  of  optical  rotation  due 
to  glucose,  regardless  of  the  variations  in  corneal  birefringence  due  to  motion  artifact.  Currently, 
we  are  in  the  final  implementation/calibration  stages  of  this  device  and  will  finalize  the 
investigation  of  the  birefringent  structure  of  the  cornea  within  the  final  quarter. 


Specific  Aim  #2j 


The  fifth  quarter  for  this  aim  was  concentrated  on  verifying  the  sensitivity  of  the  current 
polarimeter  for  in  vivo  physiologic  glucose  detection  and  on  furthering  the  reduction  of  the 
effects  caused  by  motion  artifact.  In  order  to  test  the  in  vivo  sensitivity  of  the  current 
polarimetric  system,  we  employed  a  Faraday  based  electro-optic  polarization  rotator  driven  in 
DC  mode.  This  device  is  used  to  impose  an  optical  rotation  on  the  order  of  that  expected  for 
physiological  glucose  levels  during  the  course  of  an  in  vivo  experiment.  This  makes  it  possible 
to  control  the  rotational  variations,  thus  providing  an  “artificial”  glucose  signal  or  “pseudo¬ 
glucose”  signal,  in  which  we  can  now  manually  control  the  “concentration”  of  the  pseudo¬ 
glucose  signal  at  our  discretion  during,  the  presence  of  eye  motion  artifact.  Throughout  the 
extensive  in  vitro  experiments  we  have  conducted,  for  635  nm  laser  light,  it  has  been  shown  that 
a  40  mV  DC- voltage  applied  to  the  Faraday  rotator  corresponds  to  the  rotation  caused  by  a  100 
mg/dl  glucose  sample  through  a  1  cm  path  length.  For  example,  the  application  of  40  mV  to  the 
Faraday  rotator  corresponds  to  100  mg/dl,  80  mV  200  mg/dl,  120  mV  300  mg/dl,  and  160 
mV  400  mg/dl.  The  results  of  the  one  of  these  in  vivo  experiments  are  shown  below. 


In  vivo  Sensitivity  Experiment 


As  can  be  seen  from  the  following  figure,  there  are  distinct  variations  in  the  detected 
signal  as  the  pseudo-glucose  signal  is  varied  during  the  course  of  the  in  vivo  experiment. 
Specifically,  the  data  has  a  correlation  coefficient  of  -0.97.  Although  the  error  is  still  considable 
due  to  the  presence  of  motion  artifact,  the  main  importance  of  this  experiment  is  that  the 
collected  data  confirms  that  the  current  in  vivo  polarimetric  sensor  has  a  sensitivity  within  the 
range  needed  to  detect  the  physiologic  glucose  levels  commonly  seen  in  diabetic  patients. 

With  the  in  vivo  sensitivity  of  the  current  polarimetric  system  known,  the  next  step  was  to 
make  appropriate  modifications  to  the  system,  such  that  the  effects  due  to  the  motion  artifact 
could  be  minimized.  Although,  the  intubation  procedure,  as  indicated  in  the  previous  quarterly 
report,  helped  to  reduce  the  effects  due  to  motion  artifact  considerably,  the  small  amount  of 
motion  still  present  causes  problems  with  the  experimental  measurements.  If  a  reference 
measurement  could  be  made,  the  effects  of  motion  artifact  would  be  significantly  minimized. 
However,  unlike  the  in  vitro  experiments  in  which  the  sample  can  be  easily  replaced  with  a 
‘blank’  for  the  reference  measurement,  in  the  case  of  the  in  vivo  experiments  the  aqueous  humor 
within  the  anterior  chamber  of  the  eye  cannot  be  replaced  with  a  ‘blank’.  Therefore,  we  are  in 
the  process  of  developing  a  system  that  could  possibly  provide  some  type  of  reference 
measurement.  The  system  we  are  currently  investigating  employs  a  two-wavelength  laser 
system,  in  which  one  of  the  wavelengths  is  used  for  control  feedback  (as  in  the  original  system) 
and  the  other  wavelength  provides  an  open-loop  measurement.  The  block  diagram  of  this  system 
is  shown  below: 


The  system  above  incorporates  both  green  (532  nm)  and  red  (635  nm)  laser  modules,  in 
which  the  red  laser  is  used  for  closed-loop  feedback  control  and  the  green  laser  provides  an 
open-loop  signal  measurement.  The  digital  controller  of  the  previous  system  was  replaced  with 
an  analog  controller  to  speed  up  the  system  response.  Since  the  rotation  in  polarized  light  caused 
by  the  sample  is  significantly  greater  for  green  versus  red  light,  when  the  system  is  nulled  for  the 
red  light,  there  will  still  be  a  net  rotation  present  for  the  green  light.  This  rotation  is  thus 
proportional  to  the  glucose  concentration  of  the  sample  Therefore,  this  system  may  be  able  to 
cancel  out  the  variations  seen  previously  in  the  detected  signal  due  to  changes  in  corneal 
birefringence  caused  by  motion  artifact  while  providing  a  measurement  that  is  proportional  to 
glucose.  We  are  currently  in  the  process  of  evaluating  the  performance  of  this  system. 


Specific  Aim  #3: 

In  an  effort  to  achieve  this  aim  in  conjunction  with  the  previous  aims,  the  blood  glucose 
response  for  NZW  rabbits  over  time  needed  to  be  characterized.  Specifically,  the  purpose  of  this 
experiment  is  to  provide  the  necessary  experimental  parameters  needed  for  the  polarimetric 
experiments  (e  g.  experimental  duration,  sampling  intervals,  and  general  trends  to  expect). 
Currently,  the  mixture  of  Ketamine/Xylazine  that  is  used  for  anesthesia  also  results  in  an 
elevation  of  glucose  levels  in  the  blood.  In  these  experiments,  two  different  NZW  rabbits  were 
used.  After  the  administration  of  the  anesthesia,  1  ml  blood  glucose  samples  were  withdrawn 
from  the  central  artery  of  the  rabbit’s  ear  over  a  duration  of  approximately  two  hours.  Each 
blood  sample  was  analyzed  for  glucose  concentration.  The  results  of  these  experiments  are 
shown  in  the  plot  below. 


BJoodGlucoaa  Concentration  va  Hme 


As  can  be  seen,  both  rabbits  exhibit  the  same  general  trend  in  blood  glucose 
concentrations  after  the  administration  of  the  anesthesia.  The  glucose  levels  continue  to  rise  to 
over  twice  the  initial  levels  within  approximately  80  minutes  at  which  point  the  levels  begin  to 
fell  as  the  effects  of  the  anesthesia  begin  to  dissipate.  These  experiments  provided  several  pieces 
of  useful  information.  The  following  information  can  be  concluded  from  the  above  experiments: 

■  The  trend  in  blood  glucose  levels  in  response  to  the  anesthesia  protocol  is  similar 
between  rabbits. 

■  Blood  glucose  levels  can  be  expected  to  rise  from  100  mg/dl  (basal  levels)  to 
approximately  220  mg/dl  from  just  the  anesthesia  injection  throughout  the  course 
experiment 

■  Blood  glucose  levels  should  peak  approximately  80  minute  after  the  initial 
administration  of  the  anesthesia,  at  which  point  the  will  begin  to  decline 

P  A  sampling  interval  of  10  minutes  should  be  sufficient  during  the  first  65  minutes  of 
the  experimental  procedure,  after  which  the  time  between  samples  should  be  reduced 
to  3-5  minutes  (in  order  to  increase  the  response  resolution)  as  the  peak  in  the  blood 
glucose  response  is  approached.  The  time  delay  between  the  blood  and  aqueous 
humor  glucose  levels  can  then  be  measured  as  the  time  between  the  peaks  in  the 
respective  glucose  response  curves. 
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ABSTRACT 

The  application  of  optical  polarimetry,  using  the  anterior  chamber  of  the  eye  as  the  sensing  site,  is  being  investigated 
as  a  potential  method  to  develop  a  noninvasive  physiological  glucose  monitor.  Common  questions  currently  associated  with 
the  use  of  polarimetry  for  noninvasive  glucose  detection  include:  “is  polarimetry  specific  enough  to  elucidate  glucose 
concentration  in  the  presence  of  other  optically  active  components?  ”  “if  the  eye  is  proposed  as  the  sensing  site,  is  the  time 
delay  between  blood  and  aqueous  humor  glucose  concentrations  small  enough  to  make  the  development  of  such  a  sensor 
feasible  (i.e.  useful  to  a  diabetic)?,”  and  lastly  “what  are  the  issues  currently  hindering  in  vivo  polarimetric  glucose 
measurements'’  ”  In  our  investigation,  we  attempt  to  address  these  questions.  First,  we  present  results  characterizing  the 
optical  rotatory  dispersion  of  the  main  optically  active  analytes  found  within  the  aqueous  humor  of  the  eye  including, 
glucose  albumin,  and  ascorbic  acid.  This  information  is  used  conjunction  with  multiple  linear  regression  to  demonstrate  how 
multispectral  polarimetry  can  be  used  to  minimize  glucose  prediction  error  in  samples  containing  varying  physiological 
concentrations  of  glucose  and  albumin.  For  this  multispectral  study,  a  novel  dual  wavelength  (532  nm  and  635  nm) 
polarimeter  was  designed  and  constructed.  This  sensor  is  novel  in  that  it  provides  simultaneous  measurements  using  a  532 
nm  laser  in  an  open-loop  configuration  and  a  635  nm  laser  in  a  closed-loop  configuration.  In  addition,  we  present  m  vivo 
results  using  New  Zealand  White  rabbits  that  indicate  the  time  delay  between  blood  and  aqueous  humor  glucose  levels  is 
below  ten  minutes.  Lastly,  we  provide  preliminary  in  vivo  polarimetric  results  and  discuss  the  main  issues  currently 
hindering  the  measurement  of  glucose. 

Keywords:  polarimetry,  glucose,  diabetes,  multispectral,  optical  activity,  ORD 


1.  INTRODUCTION 


A  method  to  noninvasively  monitor  glucose  levels  within  the  body  would  have  a  significant  impact  on  millions  of 
diabetic  patients  worldwide.  Currently,  all  commercially  available  techniques  require  the  invasive  extraction  of  blood  or  other 
bodily  fluids  for  glucose  analysis.  Thus,  diabetic  patients  often  have  to  extract  multiple  samples  of  blood  daily,  which  is 
usually  obtained  by  the  lancing  of  a  finger.  This  procedure  requires  the  use  of  relatively  expensive  enzymatic  test  reagents, 
in  addition  to  subjecting  the  user  to  possible  infection  risks  and  nerve  damage  at  the  testing  site.  Therefore,  recently,  several 
optical  approaches  have  been  proposed  as  possible  mechanisms  to  overcome  the  invasiveness  of  current  monitoring 

techniques.115 

In  this  study  we  propose  the  use  of  optical  polarimetry  in  conjunction  with  using  the  anterior  chamber  of  the  eye  as  the 
sensin"  site  as  a’potential  method  to  develop  a  noninvasive  physiological  glucose  monitor.  Specifically,  in  this  paper  we 
attempt  to  address  some  of  the  common  questions  currently  associated  with  the  use  of  polarimetry  for  noninvasive  glucose 
detection  such  as  “is  polarimetry  specific  enough  to  elucidate  glucose  concentration  in  the  presence  of  other  optically  active 
components?,”  “if  the  eye  is  proposed  as  the  sensing  site,  is  the  time  delay  between  blood  and  aqueous  humor  glucose 
concentrations  low  enough  to  make  the  development  of  such  a  sensor  feasible  (i.e.  useful  to  a  diabetic)?,”  and  lastly  “what 
are  the  issues  currently  hindering  in  vivo  polarimetric  glucose  measurements?. 


2.  MATERIALS  AND  METHODS 


2.1  Optical  Rotatory  Dispersion  Measurements 


A  SPEX  FLUOROLOG  fluorimeter  (Edison.  NJ)  was  modified  to  allow  for  the  polarimetric  measurement  of  optical 
rotatory  dispersion  (ORD).  A  generalized  block  diagram  of  the  experimental  setup  is  depicted  in  Figure  1.  A  Xenon  arc 
lamp  is  used  as  the  input  white  light  source.  The  purpose  of  the  first  polarizer  is  to  linearly  polarize  the  input  light  that  then 
propagates  through  a  5  cm  rectangular  sample  cell  (Stama  Cells  Inc.,  Atascadero  CA)  containing  the  optically  active  sample 
under  investigation.  The  beam  is  then  transmitted  through  the  analyzer,  which  is  merely  another  polarizer  oriented 
perpendicular  to  the  initial  polarizer.  The  purpose  of  the  analyzer  is  the  convert  the  rotation  in  the  polarization  plane,  due  to 
the  optically  active  sample,  into  a  proportional  intensity.  At  this  point,  an  optical  fiber  is  used  to  collect  the  light  and  route  it 
into  a  monochromator/photo-multiplier  tube  (PMT)  configuration.  Since  the  input  white  light  is  composed  of  several 
wavelengths,  the  monochromator  is  employed  after  the  fiber  to  separate  the  individual  intensities  present  at  each  wavelength. 
These  intensities  are  proportional  to  the  individual  optical  rotations  in  polarization.  A  PMT  is  then  used  to  measure  the  light 
intensities  as  the  monochromator  sweeps  across  the  wavelength  range  of  interest.  For  each  optically  active  sample,  a  water 
reference  was  used  to  divide  out  the  system  response.  The  system  was  then  calibrated  for  optical  rotation  using  the  well- 


known  glucose  ORD  curve. 

D-elucose  L-ascorbic  acid,  and  rabbit  albumin  were  purchased  in  dry  form  from  Sigma  Chemical  (St.  Louis,  MO).  For 
each  chemical!  stock  solutions  were  prepared  at  a  concentration  of  10,000  mg/dl.  The  ORD  characteristics  were  then 
measured  for  each  chemical  between  the  wavelengths  of  475  to  800  nm  in  1  nm  increments. 
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Figure  1:  Generalized  Block  Diagram  of  an  ORD  Measurement  System 

2.2  Instrumentation  for  Multispectral  In  Vitro  and  In  Vivo  Polarimetric  Studies 

A  block  diagram  of  the  experimental  apparatus  designed  and  constructed  for  both  the  in  vitro  and  in  vivo  multispectral 
polarimetric  studies  is  illustrated  in  Figure  2.  The  input  light  sources  are  a  green  (532  nm)  laser  diode  module  (Oriel 
Instruments,  Stratford,  CT)  emitting  20  mW  of  power  and  a  red  (635  nm)  laser  diode  (Lasermax,  Inc.)  emitting  5  mW  of 
power.  A  beam  splitter  (Newport  Inc.,  Irvine  CA)  is  used  to  combine  each  beam  into  a  single  ray.  A  Glan-Thompson 
(Newport  Inc  Irvine  CA)  polarizer  is  then  used  to  linearly  polarize  the  combined  beam.  At  this  point  it  should  be  noted  for 
the  purpose  of  eye  safety  that  after  the  green  laser  passes  through  the  beam  splitter  and  the  initial  polarizer,  its  power  level  is 
well  below  2  mW.  This  is  due,  in  part,  to  the  fact  that  the  green  laseT  emits  a  somewhat  linear  polarized  beam  and  its  plane 
of  polarization  is  not  aligned  with  the  initial  polarizer.  The  red  diode  power  level  is  also  considerably  lower  than  2  mW  after 
the  initial  polarizer. 

A  Faraday  rotator  (Deltronic  Crystal  Inc.,  Dover,  NJ)  is  then  used  to  modulate  the  polarization  vector  of  each  laser.  It  is 
driven  by  a  sinusoidal  source  at  a  frequency  of  1.09  kHz.  Following  the  modulator  is  another  Faraday  rotator  that  provides 
feedback  compensation.  The  purpose  of  this  Faraday  rotator  is  to  eliminate  any  rotation  of  the  polarization  vector  due  to  the 
glucose  sample  at  the  wavelength  of  635  nm.  An  aperture  is  then  used  to  reduce  the  beam  diameter  to  below  1  mm.  This 
modulated  signal  then  propagates  either  through  a  rectangular  sample  cell  (Stama  Cells  Inc.,  Atascadero  CA)  constructed  of 
optical  grade  glass  with  a  path  length  of  l  cm  for  the  in  vitro  experiments  or  through  the  anterior  chamber  of  the  eye  via  a 
coupling  mechanism  for  the  in  vivo  experiment.  The  designed  coupling  mechanism  for  the  in  vivo  experiments  has  been 
described  previously.16'7  The  next  component  is  another  Glan-Thompson  polarizer,  known  as  the  analyzer,  with  its 


transmission  axis  oriented  perpendicular  to  that  of  the  initial  polarizer.  The  analyzer  transforms  the  polarization  modulation 
into  intensity  modulation  according  to  Malus’  law.  Another  aperture  is  present  to  prevent  any  scattered  light  from  being 
directed  toward  the  detector.  The  combined  beam  is  then  separated  via  a  50/50  beamsplitter  (Newport  Inc.,  Irvine  CA)  and 
directed  toward  one  of  two  detectors.  The  silicon  detectors  (Thorlabs  Inc.,  Newton,  NJ)  each  have  an  interference  filter 
window,  532  nm  or  635  nm  respectively.  The  output  of  the  light  detector  is  a  voltage  proportional  to  the  detected  light 
intensity. 


Figure  2:  Block  diagram  of  the  experimental  polarimeter 

Digital  lock-in  amplifiers  (DLLA)  (Stanford  Research  Systems,  CA)  are  used  to  detect  the  signal  of  each  wavelength 
at  the  modulation  frequency.  This  allows  the  precise  measurement  of  the  signal  of  interest  at  1 .09  kHz  while  rejecting  low 
and  high  frequency  electromagnetic  noise.  The  measured  signal  corresponding  to  the  635  nm  laser  is  used  as  the  input  into  an 
analog  controller  and  the  532  nm  signal  is  measured  by  the  other  DLIA  as  an  open-loop  measure  of  rotation.  It  should  be 
noted  that  the  measured  open-loop  signal  is  proportional  to  the  difference  in  optical  rotation  between  the  635  nm  and  532  nm 
lasers.  The  signal  amplitude  information  from  the  open-loop  DLIA  and  the  controller  voltage  are  then  sent  to  a  Pentium  II 
PC  via  an  IEEE  488  general-purpose  interface  bus  (GPIB)  and  recorded  to  a  file  using  LabView  5.1  (National  Instruments. 
Austin  TX). 

Through  the  use  of  Jones  matrices,  the  electric  field  for  a  single  laser  through  the  optical  train  can  be  modeled  as: 

E  =  -  sin(#„  sin(aV)  +  >  ( * ) 


where  6m  is  the  modulation  depth,  com  is  the  modulation  frequency,  t  is  time,  and  ^  where  <j>z  and  ty  are  the  rotations  in 
polarization  due  the  glucose  sample  and  compensation  Faraday,  respectively.13  The  intensity  of  the  signal  that  impinges  on 
the  light  detector  is  proportional  to  the  square  of  the  electric  field  and  can  be  modeled  as: 


/oc£: 


2 '46 m  sin (a)j)  -  y  cos (2comt) , 


(2) 


which  assumes  a  small  angle  approximation  where  that  sin(x)  =  x  for  x«l.  As  can  be  seen  from  equation  2,  the  relative 
amplitude  of  the  sinusoidal  term  at  the  modulation  frequency  is  proportional  to  the  rotation  due  to  the  glucose  sample 
assuming  no  compensation  (^“0).  This  is  used  as  the  input  into  the  controller,  which  forces  the  net  rotation  in  polarization 
(^),  for  the  635  nm  laser,  to  zero  via  the  compensation  Faraday  rotator.  Upon  completion,  the  output  voltage  of  the  controller 
is  proportional  to  the  glucose  concentration  of  the  sample.  Since  the  plane  of  polarization  for  the  532  nm  beam  is  rotated  to  a 
different  degree  than  the  635  nm  beam  (due  to  differences  in  the  specific  rotation  for  each  wavelength),  the  open-loop  signal 
detected  for  532  nm  laser  will  be  proportional  to  the  difference  in  rotation  between  the  two  wavelengths  upon  complete 
closed-loop  compensation.  Lastly,  the  respirometer  in  Figure  2  is  used  to  monitor  respiration  during  the  in  vivo  experiments. 


2.3  In  Vitro  Multispectral  Experiment 

An  in  vitro  experiment  was  performed  to  assess  the  glucose  predictive  capability  of  the  designed  poiarimeter  in  the 
presence  of  an  optically  active  confounder  that  varies  in  concentration.  Albumin  was  chosen  as  the  confounder  due  to  it 
being  one  of  the  more  abundent  optically  active  components  in  the  eye.11  Sample  solutions  were  prepared  by  mixing 
appropriate  amounts  of  glucose  and  albumin  over  a  physiological  concentration  range.  Sixty-five  separate  5  ml  samples  were 
prepared.  The  span  covered  a  range  from  0  mg/dl  to  600  mg/di  of  glucose  and  0  to  100  mg/dl  of  albumin  in  50  mg/dl  and  25 
mg/dl  increments,  respectively.  Although,  normal  concentrations  of  albumin  in  the  eye  are  below  10  mg/dl,  we  chose  to  use 
a  larger  range  in  order  to  better  illustrate  how  a  multiple  wavelength  approach  can  help  reduce  glucose  predictive  errors 
through  the  use  of  a  multiple  linear  regression  calibration  model. 

Three  separate  calibration  models  were  computed  in  order  to  demonstrate  the  benefit  of  a  multiple  wavelength 
system  in  reducing  glucose  prediction  error  compared  to  a  single  wavelength  system.  The  first  two  models  computed  are 
based  on  a  standard  least-squares  linear  regresion  model  using  information  only  from  a  single  wavelength.  For  example,  the 
first  model  predicted  glucose  concentrations  by  using  the  closed-loop  feedback  voltage  obtained  for  nulling  the  635  nm 
wavelength  for  a  given  mixture  of  glucose  and  albumin.  The  second  model  used  the  open-loop  532  nm  signal  to  predict 
glucose  concentration.  Lastly,  the  third  model  was  computed  using  a  multiple  linear  regression  technique.  Both  the  closed- 
loop  feedback  voltage  (635  nm)  and  the  open-loop  (532  nm)  signal  were  used  to  compute  a  single  calibration  model.  The 
multiple  linear  regression  calibration  model  takes  the  form  of: 


a,  b\  Glucose 
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where  Vkl  and  Vu  are  the  feedback  voltages  for  each  wavelength,  a},  a2,  bhb2  are  the  components  of  the  slope  coefficent 
matrix,  [Glucose]  and  [Albumin]  are  the  respective  concentrations  within  each  sample,  and  c}  and  c2  are  the  corresponding 
intercepts.  This  model  is  then  rearraged  for  in  the  form  of : 
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to  predict  unknown  the  sample  concentrations  for  a  given  set  of  feedback  voltages  at  each  corresponding  wavelength. 


2.4  In  Vivo  Glucose  Time  Delay  Experiments 


In  order  to  address  the  time  delay  between  the  blood  and  aqueous  humor  glucose  levels,  a  set  of  invasive  experiments 
were  performed.  These  experiments  were  conducted  over  a  series  of  weeks,  in  which  the  blood  glucose  of  five  New  Zealand 
White  rabbits  were  elevated.  The  method  of  glucose  concentration  elevation  is  due  to  a  side  effect  of  the  anesthesia  protocol 
used.  The  anesthesia  administered  consisted  of  the  intramuscular  injection  of  35  mg/kg  of  ketamine,  5  mg/kg  of  xylazine  and 
1  mg/kg  of  acepromazine.  Xylazine  is  known  to  have  a  strong  hyperglycemic  effect  due  to  its  blocking  of  the  pancreatic 
insulin  release  via  stimulation  of  parasympathetic  (a2-adrenergic)  receptors.19  20  The  resulting  effect  is  that  xylazine  causes  a 
significant  but  temporary  rise  in  blood  glucose  levels  and  thus  also  in  the  aqueous  humor  of  the  eye.  This  effect  is  desirable 
in  our  investigation  because  the  blood  glucose  levels  are  similar  to  those  seen  in  diabetic  patients  without  having  to 
permanently  induce  diabetes  or  giving  a  bolus  injection  of  glucose. 


During  each  week  at  different  tunes,  a  single  0.3  ml  blood  sample  and  a  0. 1  ml  sample  of  the  aqueous  humor  of  the  eye 
from  each  rabbit  were  passively  extracted  using  a  27  gauge  needle.  The  samples  were  then  analyzed  using  both  a  One-Touch 
hand  held  glucose  meter  and  a  YSI  2300  glucose  analyzer.  In  order  to  determine  the  time  delay  between  blood  and  aqueous 
humor  glucose  levels,  a  second  order  polynomial  curve  was  fitted  around  the  peak  response  of  both  the  blood  and  aqueous 
humor  glucose  response  curves.  The  time  at  which  each  peak  occurred  was  identified.  The  time  delay  between  the  blood  and 
aqueous  humor  glucose  levels  was  defined  as  the  differences  in  time  between  the  peaks  of  the  aqueous  humor  and  blood 
glucose  peak,  (see  Equation  5) 

Tdel*y=T  peak_»qeuous'T  petkblood  (5) 


2.5  In  vivo  Polarimetric  Studies 

In  order  to  identify  noise  sources  during  the  in  vivo  polarimetric  measurement  of  glucose,  polarimetric  studies  were 
performed  on  multiple  rabbits  using  the  experimental  apparatus  previously  described  in  Figure  2.  For  these  experiments,  the 
635  nm  laser  and  closed-loop  controller  were  turned  off  and  only  the  open-loop  portion  was  used.  In  place  of  the  sample,  the 
eye  of  a  New  Zealand  White  (NZW)  rabbit  was  used.  The  modulated  polarized  light  beam  is  coupled  through  the  anterior 
chamber  of  the  eye  using  an  eye-coupling  device  we  constructed.14 17  The  rabbits  were  anesthetized  via  an  intramuscular 
injection  of  a  combination  of  ketamine,  xylazine,  and  acepromazine  at  the  following  dosages  35  mg/kg,  5  mg/kg,  and  1 
mg/kg,  respectively.  The  specimen  was  then  placed  on  an  adjustable  platform  underneath  the  eye  coupling  mechanism.  The 
coupling  mechanism  is  then  precisely  lowered  into  place  over  the  rabbit’s  eye.  Once  contact  with  the  eye  is  made,  a  saline- 
based  index-matching  fluid  is  then  injected  into  the  eye-coupling  device.  Leakage  of  the  fluid  is  minimal  due  to  the  contact 
seal  made  with  the  eye  at  the  base  of  the  device.  In  addition,  breathing  activity  was  monitored  and  recorded  via  a  lab-built 
respirometer. 


3  RESULTS  AND  DISCUSSION 

3.1  Optical  Rotatory  Dispersion  Experiments 

It  is  well  known  that  the  specific  rotation  for  a  given  optically  active  molecule  varies  as  a  function  of  wavelength.  This 
phenomenon  is  known  as  optical  rotatory  dispersion  (ORD).  When  more  than  one  optically  active  component  is  present  in 
solution,  a  single  wavelength  is  inadequate  to  distinguish  the  amount  of  rotation  that  each  analyte  contributes  to  the  overall 
rotation.  Thus,  when  this  information  in  used  to  predict  the  concentration  of  one  of  the  analytes,  there  will  be  an  error 
associated  with  the  measurement  due  to  the  presence  of  the  other  component.  If  it  is  desired  to  distinguish  the  optical 
rotation  solely  due  to  glucose  in  the  presence  of  the  other  optically  active  component,  additional  information  is  required. 

Since  each  molecule  has  its  own  unique  ORD  curve,  the  use  of  multiple  wavelengths  can  be  used  to  reduce  the 
prediction  error  associated  with  single  wavelength  polarimetric  measurements.91617  It  is  therefore  desirable  to  know  exactly 
how  the  wavelength  dependencies  in  specific  rotation  for  given  optically  active  molecules  behave,  such  that  the  most 
optimum  and  minimal  number  of  wavelengths  can  be  chosen  in  order  to  minimize  prediction  error.  For  example,  suppose 
one  wishes  to  measure  glucose  rotation  in  the  presence  of  albumin,  ideally,  it  would  be  preferable  to  chose  at  least  one 
wavelength  that  is  more  sensitive  to  glucose  rotation  and  less  sensitive  to  albumin. 

The  blood-aqueous  humor  barrier  within  the  eye  is  a  very  selective  membrane  that  acts  as  a  filter.  Specifically,  it  will 
not  let  particulate  matter,  such  as  large  globular  proteins,  pass  into  the  aqueous  humor  of  the  eye.  In  addition,  the  barrier  is 
also  very  selectively  permeable  to  certain  molecules,  such  as  glucose  that  can  easily  traverse  the  membrane.  In  terms  of 
optically  active  molecules,  the  aqueous  humor  of  the  eye  contains  several.  However,  the  majority  of  these  optically  active 
components  are  either  present  in  very  minute  concentrations  (such  as  amino  acids)  and/or  have  negligible  specific  rotations 
(i.e.  lactic  acid).18  The  three  main  optically  active  components  present  in  the  aqueous  humor  of  the  eye  are  glucose,  ascorbic 
acid,  and  albumin. 

Although  previous  investigations  have  measured  the  specific  rotation  for  many  chiral  molecules  found  in  the  aqueous 
humor  of  the  eye,  this  information  is  usually  limited  to  the  sodium  D-line  at  589.3  nm.  In  our  work,  we  extend  this  analysis 
to  include  most  of  the  visible  spectrum  for  the  previously  mentioned  major  optically  active  analytes  in  the  aqueous  humor.  In 


the  multispectral  experiments,  presented  later  in  section  3.2,  this  information  is  applied  and  it  is  demonstrated  how  it  may  be 
used  to  reduce  glucose  prediction  error  in  solutions  containing  varying  concentrations  of  both  glucose  and  albumin. 

Shown  in  Figure  3a  are  the  ORD  curves  for  D-glucose,  L-ascorbic  acid,  and  rabbit  albumin.  The  curves  were  measured 
with  the  experimental  apparatus  and  methods  described  in  section  2.1.  As  can  be  seen,  compared  to  ascorbic  acid  and 
albumin,  glucose  has  the  largest  specific  rotation.  The  specific  rotation  of  glucose  is  positive  due  to  its  dextrorotatory  nature 
and  that  of  albumin  is  negative  due  to  its  levorotatory  nature.  As  for  L-ascorbic  acid,  one  would  expect  that  its  specific 
rotation  would  be  negative  since  in  dry  form  it  is  levorotatory,  however,  it  is  transformed  into  a  dextrorotatory  configuration 
when  dissolved  in  water.  As  seen  in  Figure  3a,  for  the  visible  region  of  light,  the  specific  rotation  of  each  analyte  approaches 
zero  as  wavelength  increases.  Shown  in  Figure  3b  are  the  actual  observed  rotations  in  polarized  light  for  each  analyte.  This 
is  computed  based  on  the  previously  measured  specific  rotations  and  assuming  a  path  length  of  1  cm  (average  path  length  of 
a  human  eye)  and  normal  physiological  concentrations.  The  normal  physiological  concentrations  within  the  aqueous  humor 
are  100  mg/dl  for  glucose,  20  mg/dl  for  ascorbic  acid,  and  6  mg/dl  for  albumin.  As  can  be  seen,  when  the  overall 
contribution  to  observed  rotation  is  considered,  the  majority  of  rotation  is  due  to  glucose,  specifically  94  to  97  %  depending 
on  the  wavelength.  Therefore,  the  error  contribution  due  to  ascorbic  acid  and  albumin  would  be  at  most  6%.  Even  though 
the  rotations  due  to  these  substances  are  much  less  than  that  of  glucose,  it  can  be  shown  that  glucose  prediction  error  can  be 
minimized  through  the  use  of  multiple  wavelengths  as  shown  in  the  next  section. 

(a) 


(b) 


Figure  3:  (a)  ORD  Curves  for  glucose,  ascorbic  acid  and  albumin 
(b)  actual  observed  rotation  within  the  aqueous  humor  at 
for  normal  physiological  concentrations. 


3.2  In  Vitro  Multispectral  Experiment 


Using  the  experimental  apparatus  described  in  section  2.2  and  the  methods  described  in  2.3,  an  experiment  was 
performed  to  illustrate  the  usefulness  of  a  multispectral  approach  in  minimizing  glucose  prediction  error  when  there  is  an 
additional  optically  active  component  that  varies  in  concentration.  Presented  in  Figure  4  are  the  results  of  the  glucose  and 
albumin  multi-spectral  experiment  Figure  4a  and  4b  illustrate  glucose  prediction,  in  the  range  of  0  to  600  mg/dl,  using  only 
a  single  wavelength  in  the  presence  of  albumin  that  varies  in  concentration  between  0  to  100  mg/dl.  Each  symbol  in  the  plots 
corresponds  to  a  certain  concentration  of  albumin.  For  the  open-loop  532  nm  experiment  the  standard  error  of  calibration  in 
glucose  prediction  is  1 42  mg/dl  (Figure  4a)  and  for  the  closed-loop  635  nm  experiment  the  error  is  40  mg/dl  (Figure  4b).  The 
correlation  coefficients  are  0.659  and  0.977  respectively.  However,  when  the  data  sets  of  both  previous  models  are  used  to 
compute  a  multiple  linear  regression  calibration  model  of  the  form  of  equations  3  and  4,  the  error  in  glucose  prediction  drops 
dramatically  to  20.0  mg/dl  (see  Figure  4c).  As  seen  in  figure  4c,  there  is  a  much  tighter  grouping  (R=0.994)  of  the  predicted 
to  actual  glucose  concentrations  compared  to  the  single  wavelength  experiments.  Although  the  concentration  of  albumin 
used  in  this  experiment  was  10  times  higher  than  normally  seen  in  the  eye,  this  concept  still  should  help  minimize  the  glucose 
prediction  error  even  at  the  concentrations  of  albumin  found  within  the  eye. 


(c) 


Figure  4:  Multi-spectral  glucose  prediction  results 

(a)  532  nm  open-loop  prediction  (b)  635  nm  closed-loop  prediction 
(c)  532/635  nm  dual  wavelength  multiple  linear  regression  prediction 


Figure  5:  Blood  Glucose  Response  for  NZW  rabbits 
3.3  In  Vivo  Glucose  Time  Delay  Experiments 

According  to  the  methods  described  in  section  2.4,  the  time-delay  between  the  blood  and  aqueous  humor  glucose  levels 
was  measured  in  five  NZW  rabbits.  Initially,  in  order  to  gain  a  better  feel  for  how  the  anesthesia  affects  the  blood  glucose 
response  as  a  function  of  time  in  a  rabbit,  the  response  was  recorded  for  two  different  NZW  rabbits  as  a  function  of  time  (see 
Figure  5).  A  blood  sample  was  acquired  from  the  central  ear  artery  every  5  to  10  minutes  for  up  to  140  minutes  after  the 
initial  anesthesia  dosage.  The  glucose  concentration  was  measured  with  a  One-Touch  Basic  handheld  blood  glucose  meter. 

As  can  be  seen,  both  rabbits  exhibit  the  same  general  trend  in  blood  glucose  concentrations  after  the  administration 
of  the  anesthesia.  The  glucose  levels  continue  to  rise  to  over  twice  the  initial  levels  within  approximately  80  to  100  minutes  at 
which  point  the  levels  begin  to  fall  as  the  effects  of  the  anesthesia  begin  to  dissipate.  These  experiments  provided  several 
pieces  of  useful  information.  The  following  information  can  be  concluded  from  the  above  experiments: 

■  The  trend  in  blood  glucose  levels  in  response  to  the  anesthesia  protocol  is  similar  between  rabbits. 

■  Blood  .glucose  levels  can  be  expected  to  rise  from  100  mg/dl  (basal  levels)  to  approximately  220  mg/dl 
throughout  the  course  experiment 

■  Blood  glucose  levels  should  peak  approximately  80-100  minutes  after  the  initial  administration  of  the 
anesthesia,  at  which  point  they  will  begin  to  decline 

Using  this  information,  we  chose  to  localize  our  time  delay  analysis  to  the  area  around  the  peak  of  the  blood  glucose 
response  (see  section  2.4).  Shown  in  Figure  6,  is  the  time  delay  results  for  a  single  rabbit.  Because  the  aqueous  humor 
sampling  method  was  invasive,  requiring  the  puncturing  of  the  cornea,  the  experiments  were  conducted  over  a  five-week 
period.  During  each  week,  a  blood  and  aqueous  humor  sample  were  withdrawn  at  a  given  instance  in  time  in  reference  to  the 
time  the  rabbit  was  anesthetized.  The  reasoning  behind  this  is  to  insure  the  integrity  of  the  blood-aqueous  barrier  such  that  it 
is  not  affected  due  to  the  corneal  penetration.  Once  the  cornea  is  punctured,  there  is  a  change  in  intraocular  pressure  and 
fluid  can  leak  out  at  the  puncture  site  leading  to  an  alteration  in  glucose  transport,  an  influx  of  proteins,  and  other  molecules 
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Figure  6:  Blood  and  Aqueous  Humor  Glucose  Time  Delay  Results 
(*:  aqueous  humor;  o:  blood) 

that  normally  would  not  be  present  in  the  eye.  Therefore,  we  acquire  only  a  single  measurement  and  provide  sufficient  time 
for  the  eye  to  heal  and  the  glucose  transport  rate  to  normalize. 

In  order  to  reconstruct  the  glucose  response,  second  order  polynomial  curves  are  fitted  to  both  the  blood  and  aqueous 
humor  glucose  responses.  The  time  delay  is  then  determined  as  the  time  between  the  aqueous  humor  and  blood  glucose 
peaks  (see  equation  5).  For  the  results  presented  in  Figure  6,  the  time  delay  was  approximately  two  minutes.  In  the 
remaining  rabbits,  similar  trends  were  seen  and  all  delays  were  below  10  minutes.  The  importance  of  these  results  is  due  to 
the  fact  that  if  the  aqueous  humor  of  the  eye  is  to  be  used  as  an  indirect  measure  of  blood  glucose,  the  time  delay  must  be 
small  enough  to  provide  useful  information  to  the  diabetic  in  regards  to  their  blood  glucose  levels.  This  is  extremely 
important  for  type  I  diabetics  who  do  not  produce  insulin  and  can  have  significant  variations  in  their  blood  glucose  levels 
over  a  very  short  period  of  time.  The  order  of  the  time  delays  measured  in  our  study  show  considerable  potential  for  using 
the  eye  as  an  eventual  sensing  site  for  the  development  of  a  noninvasive  blood  glucose  monitor. 

3.4  In  vivo  poiarimetry  experiments 

Using  the  system  described  in  section  2.2  and  the  methods  described  in  section  2.5,  in  vivo  polarimetric  signals  were 
acquired  through  the  eye  in  several  NZW  rabbits.  Blood  glucose  levels  are  increased  throughout  the  experiments  as 
previously  described  in  section  2.4.  At  present,  polarimetric  signals  can  be  obtained  through  the  eye,  however,  noise  sources 
are  too  great  to  extract  a  useful  glucose  signal.  Therefore,  in  this  study  a  set  of  experiments  was  performed  to  identify  the 
noise  sources. 

If  the  first  experiment,  a  digital  lock-in  amplifier  was  used  to  continuously  monitor  the  amplitude  of  the  double 
frequency  term  (2nd  harmonic)  of  the  detected  poiarimetry  signal  during  the  course  of  a  rabbit  experiment  (see  equation  2).  In 
an  ideal  situation,  the  amplitude  of  the  2"d  harmonic  term  should  remain  constant,  however,  if  there  is  noise  present,  such  as 
motion  artifact,  it  will  appear  in  this  term.  A  partial  time  series  of  the  amplitude  of  the  2”  harmonic  term  during  the  course 
of  an  in  vivo  polarimetric  experiment  is  shown  in  Figure  7a.  As  stated  previously,  in  the  ideal  circumstance  (i.e  no  motion 
artifact),  the  overall  amplitude  of  the  2nd  harmonic  term  should  remain  constant.  Therefore,  the  plot  in  Figure  7a  should 
merely  consist  of  a  horizontal  line  since  the  lock-in  amplifier  outputs  a  DC  value  proportional  to  the  amplitude  of  the  signal 
of  interest.  However,  as  can  be  seen,  the  overall  amplitude  of  the  2nd  harmonic  term  varies  periodically  as  a  function  of  time. 
The  presence  of  motion  artifact  is  specifically  the  cause  of  these  variations.  More  specifically,  since  the  cornea  is 
birefringent,  as  the  cornea  moves  relative  to  the  input  polarized  beam,  the  variations  in  the  corneal  birefringence  affect  the 
polarization  of  light  beam  in  addition  to  the  rotation  in  linear  polarization  due  to  glucose.  In  order  to  determine  the  specific 
frequencies  present  in  the  time  based  polarimetric  signal  shown  in  Figure  7a,  FFT  spectral  analysis  of  this  signal  was 
performed  to  identify  the  possible  sources  of  motion  artifact  (see  Figure  7b). 
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Figure  7:  (e)  detected  in  vrvo  polarimetric  signal  (2-  harmonic);  (b)  spectral  analysis  of  the  time-based  polarimetric  signal 


Figure  8:  In  Vivo  Open-Loop  Polarimetric  and  Respiratory  Signals 

Ideally,  in  an  anesthetized  rabbit,  the  possible  sources  of  motion  include  breathing,  the  cardiac  cycle,  and  saccadic 
eye  movements.  Respiration  and  the  cardiac  cycle  occur  at  approximately  60-100  breaths/min  and  200-300  beats  per  minute, 
respectively,  or  in  terms  of  frequency,  1  to  1.7  Hz  (breathing)  and  3.3  to  5  Hz  (cardiac).  As  can  be  seen  in  Figure  7b,  the 
largest  peak  occurs  at  roughly  1 .6  Hz,  which  possibly  corresponds  to  respiration.  Other  high  frequency  peaks  also  occur  past 
3.4  Hz  which  probably  are  due  to  the  cardiac  cycle.  In  addition,  the  peak  near  0  Hz  is  due  to  the  average  value  of  the  2 
harmonic  signal  that  manifests  itself  as  a  DC  component,  as  mentioned  previously. 

In  order  to  verity  that  respiration  was  the  major  source  of  motion  artifact,  a  lab-built  respirometer  was  used  during  a 
in  vivo  polarimetric  experiment.  Both  the  respiratory  and  the  single  frequency  polarimetric  signal  were  acquired.  The  results 
from  this  experiment  are  shown  in  Figure  8.  The  signals  seen  are  ac-coupled  and  normalized  in  order  to  plot  both  signals  on 
a  single  figure.  As  can  be  seen,  there  is  a  direct  correlation  between  respiration  and  the  detected  polarimetric  signal.  As 
stated  previously,  breathing  was  suspected  of  slightly  moving  the  cornea,  inducing  slight  variations  in  the  polarization  signal 
leading  to  a  masking  of  the  glucose  signature.  In  later  experiments,  various  lower  body  and  head  fixation  devices  were 
employed  to  reduce  this  motion  artifact  with  minor  success.  The  reason  why  the  fixation  devices  were  believed  to  have  little 
improvement  is  due  to  the  fact  that  the  eye  is  directly  anterior  to  the  nasal  passage.  As  the  air  moves  through  the  passage 
during  respiration,  the  eye  moves  slightly  up  and  down  due  to  the  variations  in  pressure  within  the  nasal  passage.  An 


intubation  procedure  was  later  performed  and  dramatically  reduced  the  effect  of  the  motion  artifact  due  to  breathing. 
However,  the  amount  of  motion  present,  all  be  it  minor,  still  masks  the  signal  due  to  glucose.  In  terms  of  a  practical 
polarimetric  glucose  sensor,  it  would  not  be  feasible  to  completely  eliminate  motion  artifact,  therefore  we  are  currently  in  the 
process  of  investigating  several  methods  to  compensate  for  the  variations  in  polarimetric  signal  due  to  motion  artifact  and 
corneal  birefringence. 
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‘27. 


0S8  OF  LABORATORY  ANIMALS 


a . 


ANIMAL  WELFARE  (NOV  1996)  (USAMRAA) 


licensed  by2  the^^ecrotarv*1  ofS*iunH  a??Uire  animals  only  from  dealers 
CFS.  Subchapter  s  tiH  ^^loatnre  nnder  7  U.S.C.  2133  and ” 

£r“  *™  io^reftilns11 '  « 

will  confoni  Slh^thf1  ~C«Sf~eS  Ch?  =«6  ««J  use  of  animals 

regulations  of  the  DopLrt1J2S“f^rilStu?l  “JS  Scates  «d 

seq.  and  9  era  Soberer  A.  pStiTJtaSX ' « .  >  °  S  C'  2131  «• 

whole  or  ii4’pa2“  S'SI’urtto'S  suspend,  in 

agreement  for  failure  to  coeWtl  ,^  '?*a*r  chls  cooperative 

(a)  through  (c)  of  this  claused  **  th  re*3uireraents  of  paragraphs 

recipient  compels  ^th  ^  *“  *ffeCt  “il  the 

time  specified*  by  ^ie  'contrarM’T151^-  corrective  action  within  the 
of  this  cooperative  aare^2,f  gr,°ffiCer  My  result  in  termination 

from  the  list  of  conSaS  removal  of  the  recipient  •  “22 

Welfare  Assurances.  With  approved  Public  Health  SerCiS 

and  a  current  l^tin^T S* TiceS^dSl^s^’ Ktration  of  its  facility 
the  Animal  and  Plant  Health  frora  the  R^ional  Office  of 

Department  of  Agriculture  S  for  ^6  (APHIS)  '  United  states 
research  facility  is  located  ?hl'  7  l-  the  reQi°n  in  which  its 
regional  office,  as  well  as  informa tion^0”  °f  the  appropriate  APHIS 
obtained  by  contacting  the  ^itr  this  pr°9ra™  may 

Staff.  USDA/APHIS,  Animal  Care  4  7n?  ^  ff  0fflcer*  Animal  Care 
20737-1234  ,Phone  S^r  3  6l -734-7^3 3^  ^  ^  *4'  Rive^le, 
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naraoranh  !si  ^  re^Piei*  sha11  include  this  clause,  including  this 
l^^ebrate  ntraCtS/SUb0ra”tS  lnTOlvin9  «a..rch  of 

a.  USE  OF  LABORATORY  ANIMALS  ( OCONUS )  (JAN  1992)  (USAMRAA) 

t!1  3*WS '  cuatofs  »  and  practices  of  the  country  in  which  the  research 
lfho^  h*  condu1cted  3ha11  be  complied  with  insofar  as  use  of 
l ZZ an,linafs  xs  concerned.  In  those  instances  where  the  local 
tions  are  in  conflict  with  the  laws  and  regulations  of 
and  S^ate.s11and  the  Department  of  Agriculture,  the  more  humane 

^latio^  fnr-^K  h®  /°\1Pwec3-  The  following  D.S.  standards  and 
o5he  protec.tlo,n'  treatment,  and  use  of  animals  should 
to  whare  practicable:  7  U.S.  Code  2131  et.  seq.  and  9 

Code  of  Federal  Regulations,  Subchapter  A,  Parts  1-4. 

1933)  (USAmSS)_AWARD  OVERSIGHT  OF  THE  USE  °F  LABORATORY  ANIMALS  (AUG 

post_awart3  oversight  of  the  use  of  laboratory 
®ha1^1  ***  the  responsibility  of  the  recipient’s  Animal  Care 
Got (ACVC)  *  ?h.e  Principal  investigator  will  notify  the 

f  SSSduL  o/  r  ^ri^ng  of  “V  significant  changes  to  the 
,ff  of  “kraals  which  was  the  basis  for  award .  These  changes 

approved  by  the  recipient's  ACUC  and  the  USAMRMC.  in 

"f  any  violtilfi^CUC/^a11  ^^iately  notify  the  Contracting  Officer 
.  any  violations  of  law.  regulation,  or  publication  for  animal  care. 

c-  ANIMAL  USE  REPORTING  (NOV  1996)  (USAMRAA) 

-dical  R-iliJ??6  rfciiPient  shall  prepare  and  submit  the  -U.S.  Army 
7  annual  .Mate^al  Command  Animal  Use  Report"  (Attachment 

S111?  “*?  °f  animals  in  the  research, 

h  evaluatlon  sponsored  by  the  Army.  The 

Su  30  sZSiSLSha11  K®  SaCh  Federal  Fiscal  Year.  i.e.  ,  1  October 

^Sish  a  Vv,63  Z633"-  Additionally,  the  recipient  shall 

008  and  Contin^fnv?6  !!£St  recent  USDA  Inspection  Report  (APHIS  Form 
-spo^ible  ^  •  eeuS  APHIS  Form ( s )  7100).  The  recipient  is 

a th|atr,a  separate  U.S.  Array  Medical  Research 
s  \phis  Form  7nn«  a  Use  Report  and  USDA  Inspection  Report 

submitted  ?  7008  Continuation  Sheets  APHIS  Form(s)  7100)  are 

submitted  for  any  subcontract/subgrant  facility  using  anirails 

Medical  Research^n^M  owing  definitions  shall  apply  to  the  U.S.  Amy 
Kesearch  and  Materiel  Coimtand  Animal  Use  Report- 
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nonhuman  v^tebrfte  ^t^ST^or  oaniffl?1  dffin*d  35  «V  live 

evaluation  (RDT&E)  'clinical  investl^^M*'  deJ®1°Pnienit'  teat.  and 
and/or  instructional  nr^T-lt*  investigations,  diagnostic  procedures. 

facility  or  acquired^hSi!^’  t-H°^ly  anamfls  are  on  h*nd  in  the 

reported.  ™  during  the  reporting  fiscal  year  should  be 

by-products  purchased^or  S°11S'  £lui?  cotnPonents ,  and/or 

ccnponents  should  not  be  reported!^***3  *S  SUCh  animal /biological 

Housed  but  not* yetted*1  The  °f  AnilTlal®  Purchased,  Bred  or 

to  the  purchase  The  c*£*  ‘animals  purchased  or  bred-  refers 

in  the  reporting  fis^fl  fc<3Uisition  of  individual  animals 

or  protocSf "°rk  unit 

not  yet  used  in  anv  nmrxviM^  OVer  fr°J?  the  previous  fiscal  year  and 
nu^e,  for 

anical  must  be*  count^”mivC  oLeo  •Nu™^r  °?  Animals  Used.  a  single 
used  during  the  fiscal  vear  for-  »°  ^t&rmxnang  the  number  of  animals 
The  term  -aniJals Sed" ^ J ^txc'sl^r  WDrk  unit  or  protocol, 
individual  animal  is  in-ieot-«a  n°t  •  re^er  ,to  the  number  of  times  an 
medication  and/or  experimental  .  1*andie<i,  or  administered 

protocol,  compounds  within  a  given  work  unit. 

year,  but  not ^SSSily duSL^Sj^^  ^  reportinS  fiscal 
included  in  this  column^  “  ***  fiscal  year,  must  not  be 

Pain  or  Distress . i°f  *njjn^ls.  Used  Involving  No 

have  been  used  in  procedures  whicl^di^f  .placed  ln  thls  column  must 
momentary  pain  or  distro..  which  did  not  cause  more  chan  slight  or 

9  cm,  sibSapc °r  J  deflned  **  th«=  Institution’s  Acfc  and 

appropriate  anesthetic  Nun*ber  of  Animals  Used  in  which 

to  Alleviate  Pain  ^4  *?  ^nn-julliring  drugs  were  used 

have  received  airoprilt2^£™r„r  ?  placed  in  thls  colum>  -ust 
distress,  as  dsfS  .ufh?ra??olo?lcal  a9ent=  to  relieve  pain  or 
A.  Part  i.  by  the  institution’s  ACOC  and  9  CFR.  Subchapter 

Poinor  Distress  i^^not °J^„iated  °,£  Animal=  in  which 

defined  by  the  fnstitutfo^  “ 


(3)  Animal  Use  Reports 
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(a)  The  recipient  shall  submit  the  U.s.  Ann/  Medical 
Research  and  Materiel  Command  Animal  Use  Report  and  a  copy  of  the 

S9  .re»™^USDA  Inapection  Report  (APHIS  Form  7008  and  Continuation 
Sheets  APHIS  Form(s)  7100)  each  year,  no  later  than  1  December. 

(b)  These  reports  shall  be  submitted  to: 


National  Medical  Technology  Testbed 
1 1354  Mountain  View  Avenue 
Suite  D 

Loma  Linda,  CA  92354 


No.  42 

Name  of  Project  Director  _ Trustees  Boston  Univ/Roy 


DESCRIPTION  AND  PERFORMANCE  SITES  (FORM  B) 


DESCRIPTION:  State  the  goal  of  the  research  project  including  how  it  relates  to  improving 

health  care  for  the  nation’s  people.  Use  succinct  language  to  describe  how  the  project  goals  will 
be  achieved.  Do  Not  exceed  the  space  provided  on  this  page. 


The  overall  goal  of  this  research  is  to  establish  a  novel  gene  delivery  strategy  for  sustained 
modulation  of  gene  expression  in  retinal  vascular  cells.  Long-term  complications  of 
diabetes  such  as  diabetic  retinopathy  develop  over  several  years  and  involve  altered  gene 
expression.  Thickening  of  retinal  capillary  basement  membrane  (BM)  is  a  well- 
documented,  early  feature  of  diabetic  microangiopathy  that  has  been  widely  observed  in 
diabetic  humans  and  animals.  Studies  in  our  laboratory  and  by  other  investigators  suggest 
that  the  process  of  BM  thickening  is  linked  to  increased  gene  expression  of  BM 
components  such  as  fibronectin  (FN)'  and  collagen  type  IV,  found  increased  in  retinal 
capillaries  of  diabetic  individuals.  We  have  applied  antisense  oligonucleotides  by 
intravitreal  injection  and  reduced  the  FN  overexpression  in  rat  retinal  cells.  However,  for 
prolonged  antisense  effect  a  different  strategy  is  necessary  because  intravitreal  injection  is 
a  risky  procedure  and  unsuitable  for  repeated  use.  The  proposed  study  investigates  three 
strategies  for  prolonged  modification  of  retinal  gene  expression.  (1)  We  will  develop 
plasmid  constructs  to  reduce  FN  and  collagen  IV  expression  based  on  the  oligonucleotide 
sequence  we  currently  use  against  the  5'  translation  initiation  site  of  the  two  transcripts. 
Delivery  of  such  plasmid  constructs  should  provide  long-term  gene  modulation  and 
require  only  a  single  intravitreal  injection.  (2)  A  noninvasive  means  to  deliver  antisense 
oligonucleotides  into  retinal  cells  will  be  developed;  we  will  examine  the  topical  delivery 
route  and  optimize  it  for  repeated  oligonucleotide  delivery.  (3)  Improve  delivery  of 
oligonucleotides  into  retinal  cells  by  varying  the  length  of  the  oligos.  In  addition,  we  will 
determine  the  duration  of  inhibition  of  fibronectin  expression  using  the  antisense  oligos  we 
designed  and  found  effective  in  studies  of  short-term  gene  downregulation.  The  proposed 
work  will  provide  information  on  long-term  modulation  of  gene  expression  in  the  retinal 
vascular  cells,  and  clarify  if  the  devastating  lesions  of  diabetic  retinopathy  are  linked  to 
abnormally  expressed  ECM  genes  in  the  retina. 


PROJECT  SITE(s)  ( Organization ,  City,  State): 


All  experiments  proposed  in  this  application  will  be  performed  at  the  Schepens  Eye 
Research  Institute  research  building  located  at  20  Staniford  Street,  Boston,  MA  02114. 
The  PI  occupies  a  500  sq  ft  laboratory  in  the  Schepens  Eye  Research  Institute.  The 
laboratory  is  fully  equipped  for  studies  involving  tissue  culture,  biochemistry,  and 
molecular  biology. 
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Trustees  Boston  Univ/Roy 

NO.  42 

Trustees  Boston  U/Roy 

Gene  Delivery  and  Regulation  of  Abnormal  Gene 
Expression  in  Diabetes — A  Novel  Approach 

This  is  a  recently  begun  project  with  first  report  due  October 

2000. 

No  report  at  this  time 


NOV  2  9  1999 


&TUL. 

FINAL  REPORT  FOR  FY98  INTERIM  CONTINUATION  PERIOD 
(June  16,  1999  -  October  31,  1999)  CjfCfCj  -  /ft 


This  report  describes  the  progress  made  during  the  interim  continuation  period  between 
June-October  1999,  based  on  a  funding  amount  of  $35,000.  As  stated  in  our  proposal,  the 
specific  research  aims  for  this  interim  continuation  period  of  funding  consisted  of:  (1)  In¬ 
vestigation  of  the  effect  of  hemofiltration  on  patient  heart  rate  and  patient  blood  pressure; 
(2)  Design  of  the  cardiovascular  component  of  a  fuzzy  logic  supervisory  algorithm  for  adjust¬ 
ment  of  desired  ultrafiltration  rate.  In  addition  to  the  above  two  aims  we  were  also  able  to 
perform  some  initial  testing  and  evaluation  of  the  designed  supervisory  controller.  Overall, 
we  have  achieved  our  research  goals  for  this  funding  period  and  we  are  slightly  ahead  of 
schedule  on  our  long-term  plans  for  this  research  program. 

A.  Effect  of  Hemofiltration  on  Patient  Heart  Rate  and  Blood  Pressure  (Aim  1) 

One  of  the  key  objectives  of  our  research  project  is  to  develop  a  feedback  loop  between  the 
patient  and  the  hemofiltration  device.  This  will  allow  information  on  the  current  condition 
of  the  patient  to  be  used  for  adjustment  (and,  ultimately,  optimization)  of  the  ultrafiltra¬ 
tion  rate  performed  by  the  hemofiltration  machine.  The  most  relevant  information  on  the 
patient’s  condition,  from  a  hemofiltration  perspective,  are  the  patient  heart  rate  and  blood 
pressure.  It  is  important  to  note  that  so  far  there  exist  no  dialysis-type  of  devices  that 
provide  automated  procedures  for  responding  to  changes  in  the  cardiovascular  state  of  the 
patient.  Therefore,  we  had  to  start  from  some  basic  research  in  understanding  the  inher¬ 
ent  relationship  between  ultrafiltration  rate  and  the  patient  cardiovascular  condition.  This 
investigation  helped  us  in  the  derivation  of  suitable  rules  for  implementing  the  supervisory 
controller. 

Cardiac  output  is  the  volume  of  blood  pumped  by  the  left  ventricle  into  the  aorta  per 
unit  time;  likewise,  venous  return  is  the  volume  of  blood  flowing  from  the  veins  into  the  right 
atrium  per  unit  of  time.  The  Frank-Starling  law  is  based  on  the  observation  that  the  heart 
will  pump  whatever  amount  of  blood  enters  the  right  atrium  without  a  significant  buildup  of 
back  pressure  in  the  right  atrium  [1,2].  This  pumping  is  a  function  of  the  blood  entering  the 
chamber  (preload),  the  pressure  head  against  which  the  blood  is  pumped  (afterload),  and 
the  intrinsic  ability  of  the  muscle  to  contract  (contractility).  If  the  quantity  of  blood  in  the 
circulation  is  too  little  to  adequately  fill  the  system,  blood  will  flow  poorly  from  the  periphery 
to  the  heart.  Therefore,  the  degree  of  filling  of  the  circulation,  preload,  which  is  measured 
by  the  mean  systemic  filling  pressure,  is  one  of  the  most  important  factors  determining  the 
cardiac  output  [3]. 

Ultrafiltration  of  critically  ill  patients  directly  impacts  cardiac  output.  The  ultrafiltration 
volume  is  the  net  intravascular  fluid  that  is  removed  from  a  patient  during  the  hemofiltration 
process.  This  volume  loss  due  to  an  excessively  high  ultrafiltration  rate  could  lead  to  a 
decreased  intravascular  volume,  or  hypovolemia,  which  decreases  the  mean  systemic  filling 
pressure  and  therefore  decreases  the  cardiac  output  [4].  If  filtration  continues  unchecked  and 
the  cardiac  output  falls  below  normal,  then  the  body  will  mount  an  intense  vasoconstrictive 
response  to  attempt  to  maintain  pressure.  This  intense  vasoconstriction  and  potential  drop 
in  blood  pressure  are  symptoms  of  inadequate  blood  flow  through  the  body.  The  rate  of 
intravascular  volume  reduction  is  also  important.  Faster  reductions  lead  to  much  more 
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rapid  symptoms,  whereas  a  similar  volume  loss  that  is  done  much  more  slowly  may  be  well 
tolerated. 

The  adaptive  process  to  decrease  cardiac  output  is  aimed  at  maintaining  blood  pressure 
and  occurs  through  increasing  the  peripheral  vascular  resistance  as  well  as  increasing  the 
heart  rate.  This  is  caused  by  powerful  sympathetic  reflexes  initiated  mainly  by  baroreceptors 
that  stimulate  vasoconstriction  throughout  the  body  resulting  in  three  important  effects. 

1.  Arterioles  constrict  and  thereby  increase  the  total  peripheral  resistance  causing  an 
increase  in  the  arterial  pressure. 

2.  The  veins  and  venous  reservoirs  constrict,  thereby  helping  maintain  adequate  venous 
return  despite  diminished  blood  volume. 

3.  The  sympathetic  output  increases  the  heart  rate  from  a  normal  value  of  approximately 
72  beats  per  minute  (bpm)  for  an  adult  to  as  much  as  200  bpm. 

The  adaptive  sympathetic  reflexes  to  hypovolemia  have  a  greater  effect  on  maintaining 
arterial  pressure  than  on  maintaining  cardiac  output.  The  importance  of  arterial  pressure 
even  in  the  face  of  decreasing  cardiac  output  is  to  protect  blood  flow  through  the  coronary 
and  cerebral  circulatory  systems.  Sympathetic  tone  does  not  cause  significant  vasoconstric¬ 
tion  in  either  the  cerebral  or  cardiac  vessels;  both  these  vascular  beds  exhibit  extensive  local 
autoregulation  which  prevents  moderate  changes  in  arterial  pressure  from  significantly  af¬ 
fecting  blood  delivery  to  these  critical  organs.  Therefore,  blood  flow  through  the  heart  and 
brain  is  maintained  essentially  at  normal  levels  as  long  as  the  arterial  pressure  does  not  fall 
below  70  mmHg  for  an  adult,  despite  the  fact  that  blood  flow  in  many  other  areas  of  the 
body  might  be  decreased  almost  to  zero  because  of  intense  vasospasm. 

Because  of  the  long  duration  of  hemofiltration  routines  and  the  precarious  conditions  of 
the  patient,  health  care  personnel  must  frequently  monitor  the  procedure  and,  based  on  the 
condition  of  the  patient,  adjust  some  of  the  procedure  parameters,  such  as  the  ultrafiltration 
and  blood  flow  rate.  The  basic  objective  of  the  adjustment  is  to  maintain  an  appropriately 
high  ultrafiltration  rate  while  the  patient  remains  in  safe  condition  [5].  Based  on  the  above 
description  of  the  relation  between  ultrafiltration  rate  and  patient  heart  rate  and  blood 
pressure,  we  developed  some  basic  supervisory  rules,  which  constitute  the  expert  knowledge 
utilized  in  the  construction  of  the  cardiovascular  supervisory  controller. 

Supervisor  Rule  1:  If  the  patient  heart  rate  (Rh)  is  high  and  the  patient  blood  pressure  (Pb) 
is  normal  or  low,  then  decrease  ultrafiltration.  Wait  10  minutes. 

The  patient  cardiovascular  state  is  deteriorating.  Lowering  the  ultrafiltration  rate  will  in¬ 
crease  tissue  perfusion  and  should  ameliorate  the  patient’s  condition. 

Supervisor  Rule  2:  If  Pb  is  low  and  Rh  is  normal  or  high,  then  decrease  ultrafiltration.  Wait 
10  minutes. 

The  reason  for  a  decrease  in  ultrafiltration  here  is  the  same  as  for  Rule  1. 

Supervisor  Rule  3:  If  both  Pb  and  Rh  are  low,  then  provide  the  user  with  a  choice  between 
a  decrease  or  increase  of  the  ultrafiltration  rate.  Wait  5  minutes. 

The  patient  may  have  a  type  of  cardiac  conduction  abnormality  or  be  responding  to  pharma¬ 
ceutical  intervention  such  as  narcotic  administration.  In  any  case,  the  information  needed 
to  decide  between  a  decrease  or  an  increase  of  the  ultrafiltration  rate  is  unavailable  to  the 
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hemofiltrator.  Even  though  the  hemofiltrator  does  not  have  all  information  to  make  a  deci¬ 
sion  about  the  sign  of  the  adjustment,  it  can  calculate  its  magnitude. 

Supervisor  Rule  4 ■  If  both  Pb  and  Rh  are  high  for  SO  consecutive  minutes,  then  provide  the 
user  with  a  choice  between  a  decrease  or  increase  of  the  ultrafiltration  rate. 

Again  the  sign  of  the  ultrafiltration  rate  change  is  determined  by  the  user  and  the  algorithm 
calculates  its  magnitude.  The  supervisor  waits  30  minutes  before  making  an  adjustment 
because  transiently  high  parameters  can  be  caused  by  pain,  moving  of  the  patient,  and  ad¬ 
ministration  of  drugs,  which  are  situations  that  are  transient  and  do  not  require  adjustments. 

Supervisor  Rule  5:  If  Pb  is  high  and  Rh  is  low  for  60  consecutive  minutes,  then  increase 
ultrafiltration. 

The  patient  cardiovascular  state  is  getting  better  and  can  tolerate  faster  bodily  fluid  shifts. 
The  larger  the  ultrafiltration  rate,  without  sacrificing  tissue  perfusion,  the  more  beneficial 
hemofiltration  is  to  the  patient. 

B.  Design  of  Cardiovascular  Supervisory  Controller  (Aim  2) 

Monitoring  the  patient’s  vital  signs  and  hemofiltration  parameters  and  making  appro¬ 
priate  hemofiltration  adjustments  are  vital  for  the  patients  safety  during  the  hemofiltration 
process.  In  order  to  reduce  the  burden  on  human  operators,  and  increase  the  safety  of  an 
autonomous  system,  the  main  objective  of  the  cardiovascular  supervisory  controller  is  to 
emulate  some  of  the  decisions  and  actions  of  an  expert  nephrologist.  Fuzzy  logic  methods 
facilitate  the  synthesis  of  a  mapping  between  observation  and  action,  and  therefore  provides 
a  framework  for  incorporating  expert  knowledge  into  an  automated  system. 

The  basic  structure  of  fuzzy  control  systems  has  been  described  in  earlier  reports.  Basi¬ 
cally,  it  is  composed  of  four  components:  a  rule-base  (a  set  of  If-Then  rules),  an  inference 
mechanism,  a  fuzzification  interface,  and  a  defuzzification  interface.  The  selection  of  input 
and  output  variables  for  the  fuzzy  logic  controller  is  a  crucial  step  in  the  design  procedure. 
The  patient  heart  rate  and  systolic  blood  pressure  are  good  indicators  of  the  patient’s  con¬ 
dition  and  provide  suitable  parameters  for  a  nephrologist  making  adjustments.  Therefore, 
based  on  the  supervisor  rules  described  above,  we  choose  the  patient  heart  rate  and  patient 
blood  pressure  as  the  inputs  to  the  controller,  while  the  output  of  the  fuzzy  logic  controller 
is  the  adjustment  to  the  ultrafiltration  rate  A(n).  The  change  is  implemented  by  keeping 
the  replacement  fluid  flows  constant  and  adding  A(n)  to  the  drain  flow  rate.  That  is,  once 
a  change  in  ultrafiltration  A(n)  is  calculated  at  sample  time  n,  it  is  applied  as  follows: 


9repl(«  +  1)  =  9repl(n)  C1) 

<?rep2(n  +  !)  =  <7rep2(«)  (2) 

9dra(™  +  1)  =  9dra(n)  +  A(n)  (3) 

9ult(n  +  1)  =  Sdrafa  +  1)  “  9repl(«  +  1)  “  9rep2("  +  1)  .  (4) 


resulting  in  an  ultrafiltration  rate  changed  by  A(n)  from  sample  time  n  to  n  +  1.  In  the 
above  equations,  q*  denotes  desired  fluid  flow. 

It  can  be  seen  from  the  monitoring  protocol  that  formulating  a  supervisory  rule  base  as  a 
single  fuzzy  system  is  difficult  if  time  is  not  included  as  one  of  the  inputs.  However,  including 
time  as  an  input  results  in  a  large  rule  base  that  may  be  cumbersome  to  understand,  defeating 
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one  of  the  purposes  of  utilizing  fuzzy  logic.  Instead,  the  part  of  the  algorithm  supervising 
ultrafiltration  flow  is  decomposed  into  four  separate  fuzzy  systems.  Fuzzy  system  FSI  deals 
with  the  case  of  high  patient  heart  rate  and/or  low  blood  pressure  (Supervisor  Rules  1  and 
2).  Fuzzy  system  FSII  corresponds  to  the  case  that  both  the  patient  heart  rate  and  systolic 
blood  pressure  are  low  (Supervisor  Rule  3),  while  fuzzy  stem  FSIII  is  activated  when  both 
variables  are  high  (Supervisor  Rule  4).  Finally,  fuzzy  system  FSIV  calculates  increases  in 
ultrafiltration  rate  as  a  consequence  of  improvement  in  the  patient’s  condition. 

A  switch  logic  resides  at  the  highest  level  and  determines,  based  on  the  heart  rate  Rh 
and  blood  pressure  P&,  which  fuzzy  system  is  active.  It  is  noted  that  the  instructions  to  wait 
in  Supervisor  Rules  1-5  are  local  to  each  rule:  if  the  ultrafiltration  is  decreased  because  of 
Supervisor  Rule  1,  it  cannot  be  changed  again  because  of  Supervisor  Rule  1  until  10  minutes 
have  passed.  Therefore,  only  one  of  the  fuzzy  systems  is  turned  on  at  a  given  time,  and 
the  switch  logic  at  this  level  also  performs  the  operation  of  waiting  the  required  amount  of 
time  before  or  after  a  supervisory  adjustment  to  the  ultrafiltration  rate  as  required  by  the 
supervisor  rules. 

Another  important  feature  of  the  cardiovascular  supervisory  controller  is  that  it  should 
be  robust  to  some  of  the  typical  type  of  disturbances  and  noises  that  are  present  in  the 
cardiovascular  state  of  a  patient  during  the  hemofiltration  process.  More  specifically,  the 
following  three  types  of  noise  have  been  considered: 

1.  Due  to  pain  or  patient  movement,  the  heart  rate  rises  to  some  high  value  temporarily 
(typically  less  than  five  minutes),  while  the  patient  blood  pressure  remains  normal. 
This  situation  corresponds  to  Supervisor  Rule  1. 

2.  If  the  patient  is  subjected  to  pain  drugs,  the  heart  rate  and  blood  pressure  may  both 
decrease  for  a  short  time  period  (less  than  two  minutes  for  the  heart  rate,  and  five  to 
ten  minutes  for  the  blood  pressure).  In  this  case,  the  conditions  of  Supervisor  Rules  2 
or  3  could  be  activated. 

3.  As  a  result  of  patient  movement,  the  blood  pressure  decreases  to  some  low  value  for  less 
than  two  minutes.  This  case  is  not  included  in  any  of  the  cardiovascular  supervisory 
rules  described  above,  and  therefore  supervisor  is  immune  to  this  type  of  noise. 

In  the  presence  of  such  disturbance/noise  situations  the  cardiovascular  supervisory  con¬ 
troller  should  be  able  to  recognize  that  its  a  noise  situation  and  not  make  any  unnecessary 
adjustments  to  the  desired  ultrafiltration  rate.  For  example,  in  the  case  of  noise  due  to 
pain  drugs,  neither  Supervisory  Rule  2  nor  Rule  3  should  be  activated.  We  have  incorpo¬ 
rated  these  situations  in  our  design  by  developing  a  waiting  mechanism.  More  specifically, 
the  Supervisory  Rules  1-3  are  not  activated  immediately  after  their  conditions  are  satisfied. 
Instead,  only  if  the  conditions  remain  true  for  a  sufficiently  long  time  (specified  by  each 
noise  situation  given  above),  the  corresponding  fuzzy  control  subsystem  is  activated,  and 
the  ultrafiltration  rate  is  adjusted. 

In  order  to  achieve  the  desired  supervision,  the  design  of  each  fuzzy  subsystem  (FSI,  FSII, 
FSIII,  FSIV)  needs  to  be  customized  to  the  corresponding  supervisory  rules.  To  illustrate 
the  design  methodology  and  provide  intuition  for  the  issues  that  need  to  be  addressed  in 
each  case,  we  describe  in  more  detail  below  the  design  of  the  first  fuzzy  subsystem  FSI.  The 
details  of  the  design  for  the  other  three  fuzzy  subsystems  are  omitted  in  this  report. 
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Figure  1:  Fuzzy  membership  functions  for  patient  heart  rate  and  blood  pressure,  and  for 
change  in  ultrafiltration. 

The  design  of  Fuzzy  System  FSI  is  as  follows.  The  nephrologist  chooses  high  and  low 
thresholds  of  the  heart  rate  (P}fgh,  R1™)  and  the  systolic  blood  pressure  (P^gh,  P6low), 
based  on  the  size  and  cardiovascular  state  of  the  patient.  These  thresholds  are  used  in 
the  characterization  of  the  magnitudes  of  the  patient  heart  rate  ( Rh )  and  systolic  blood 
pressure  (Pb).  For  example,  if  the  patient  heart  rate  satisfies  P£*w  <  Rh  <  i?}fgh,  then  the 
heart  rate  is  called  “normal”;  if  P}°w  >  Rh  then  the  heart  rate  is  characterized  as  being 
“low”,  and  if  Rh  >  Pjfgh  then  the  heart  rate  is  “high”  (similarly  for  the  patient’s  blood 
pressure).  Since  the  patient’s  cardiovascular  state  may  be  changing  during  hemofiltration, 
the  thresholds  may  be  manually  changed  during  the  procedure. 

In  order  to  specify  the  fuzzy  systems  proposed,  we  define  the  following  universes  of  dis¬ 
course  in  R  for  the  patient  heart  rate  (U;),  blood  pressure  (V,  ),  and  change  in  ultrafiltration 

(Y<): 

Ui  =  (-OO,  Rln  u2  =  (P)r,  P*gh)  U3  =  [itfgh,  +oo) 

Vi  -  (-OO,  P'ow]  ¥2  =  (P6low,  P6high)  V3  =  [P6high,  +oo) 

Yi  =  [“0.2^,  -0.05^]  Y2  =  [+0.05g*lt,  +0.2g*lt] 

where  q^t(n)  =  gjra(n)  -  g*epi(n )  —  g*ep2(n)  is  the  desired  ultrafiltration  rate  at  the  time  the 
supervisor  is  activated.  Figure  1  shows  the  fuzzy  memberships  used  for  this  subsystem. 
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Fuzzy  system  FSI  corresponds  to  Supervisor  Rules  1  and  2,  and  hence  it  supervises  the 
decrease  of  ultrafiltration  because  of  a  high  patient  heart  rate  and/or  low  patient  systolic 
blood  pressure.  In  this  case,  the  output  of  FSI  is  a  negative  number  -to  be  added  to  the 
current  drain  flow  rate.  FSI  is  further  divided  into  three  fuzzy  subsystems  (FSIA-FSIC). 
The  switch  logic  activates  FSI  if  (Rh  e  U3  and  Pb  £  V3)  or  (Pb  e  Vx  and  Rh  Uj).  The 
switch  also  tags  FSI  as  a  system  that  cannot  be  activated  again  for  another  10  minutes,  and 
it  chooses  which  subsystem  will  perform  the  calculation  of  the  drain  flow  rate  decrease. 

Subsystem  FSIA  is  activated  if  Rh  <=  U3  and  Pb  e  V2.  This  means  that  the  patient  blood 
pressure  is  normal,  and  thus  the  correction  to  the  ultrafiltration  is  due  only  to  the  heart 
rate.  The  corresponding  fuzzy  rule  base  for  FSIA  is  given  as: 

•  FSIA  Rule  (1):  “If  Rh  is  /j,31  then  A  is  /xf3.” 

•  FSIA  Rule  (2):  “If  Rh  is  fi32  then  A  is  n\2." 

•  FSIA  Rule  (3):  “If  Rh  is  fi33  then  A  is  /j,ynS 

The  fuzzy  system  resulting  from  applying  fuzzy  logic  concepts  to  this  rule  base  is 


Aia  = 


Ek  rt,(Rk)clA 
EL  irt<(Rh) 


(5) 


where  c{A  is  the  center  of  the  output  fuzzy  set,  as  defined  in  Y, ,  from  the  rule  of  system 
FSIA.  It  is  noted  that  all  fuzzy  systems  used  in  this  design  are  derived  by  combining  the 
singleton  fuzzifier,  the  product  inference  engine,  and  the  center  average  defuzzifier. 

Fuzzy  subsystem  FSIB  is  activated  if  Rh  e  U2  and  Pb  e  Vi.  This  subsystem  decreases 
the  ultrafiltration  rate  when  the  patient  heart  rate  is  normal  and  the  systolic  blood  pressure 
is  low.  The  corresponding  fuzzy  rule  base  for  FSIB  is  given  as 

•  FSIB  Rule  (1):  “If  Pb  is  n”n  then  A  is  n\v" 

•  FSIB  Rule  (2):  “If  Pb  is  /z"2  then  A  is  n\2.n 

•  FSIB  Rule  (3):  “If  Pb  is  fj,33  then  A  is  n\3." 


and  the  resulting  fuzzy  system  is 


Aib 


E?=1  /ft  WcP 
ELi  t*Upb) 


(6) 


The  switch  logic  turns  on  subsystem  FSIC  when  Rh  €  U3  and  Pb  e  Vx.  In  this  situation, 
both  patient  parameters  are  outside  their  normal  regions,  so  using  a  two  dimensional  fuzzy 
system  is  reasonable.  The  rule  base  for  FSIC  consists  of  nine  rules,  which  are  similar  in 
structure  to  those  of  FSIA  and  FSIB. 


C.  Initial  Simulation  Testing  of  Cardiovascular  Supervisory  System 

In  addition  to  the  tasks  itemized  in  the  proposal,  we  conducted  some  preliminary  simu¬ 
lations  to  test  the  safety  and  robustness  of  the  designed  fuzzy  supervisory  system.  In  these 
simulations,  the  hemofiltration  system  was  operated  by  simulating  a  patient  with  a  container 


6 


Method  for  Hypothesis  1 : 

A  laboratory  4[mulatioh  will  test  this  hypothesis  as  follows: 

Two  stroke  specialists  will  each  score  the  neurological  examination  of  two 
different  patient  cases.  The  neurological  examination  will  be  viewed  by  each 
stroke  specialist  using  two  different  formats:  1)  by  desktop  TeleBAT  system,  and 
2)  by  videotape  on  a  TVA/CR.  For  patient  1,  stroke  specialist  1  will  grade  the 
neurological  exam  (by  the  NIHSS)  using  her  desktop  computer,  which  is 
connected  to  the  TeleBAT  system,  thus  simulating  a  patient  en-route  to  the 
hospital  in  a  Maryland  ExpressCare  ambulance.  For  patient  1,  stroke  specialist  2 
will  view  the  videotaped  version  (on  a  TVA/CR)  of  the  same  patient  examination 
and  grade  it  (by  the  NIHSS).  The  process  will  be  repeated  for  patient  2.  To 
reduce  bias,  stroke  specialist  1  is  blinded  to  the  exam  and  scoring  performed  by 
stroke  specialist  2  (and  vice  versa)  for  each  patient. 

Statistical  Analysis  for  Hypothesis  1 : 

The  scores  will  be  tabulated  and  an  item-by-item  analysis  performed  between 
stroke  specialists  for  each  case.  Interrater  reliability  will  be  analyzed  using  the  k 
statistic  (The  measurement  of  interrater  agreement,  in  Fleiss  JL:  Statistical 
Methods  for  Rates  and  Proportions.  New  York,  John  Wiley  &  Sons,  Inc.,  1981). 

A  k  statistic  of  >  0.5  will  indicate  good  interrater  reliability  and  will  be  considered 
successful.  This  was  used  as  the  test  for  reliability  for  the  NIHSS.  (Brott  TG, 
Adams  HP,  Olinger  CP,  et.  al.  Measurement  of  acute  cerebral  infarction:  A 
clinical  examination  scale.  Stroke  1989;  20:864-870). 


Hypothesis  1:  Lab  Simulation  (2  cases) 


Stroke  Specialist 

Viewing  Format 
Patient  Number 

Exam  Assignment 

Viewing  Format 

Patient  Number 
Exam  Assignment 

Stroke  Specialist  1 

Desktop  TeleBAT  _ 

Patient  1 

NIHSSStb  1* 

_  Videotape 

Patient  2 
NIHSSSvt  2* 

Stroke  Specialist  2 

Videotape  _ 

Patient  1 
NIHSSSvt  1* 

_ Desktop  TeleBAT 

Patient  2 
NIHSSStb  2* 

*  NIHSSStb  1  compared  to  NIHSSSvt  1,  and  NIHSSSvt  2  compared  to 
NIHSSStb  2.  If  k>0.5,  then  TeleBAT  has  interrater  reliability. 


Hypothesis  2:  A  neurologist  will  be  able  to  make  the  same  neurological 

assessment  through  the  mobile  telemedicine  system  as  that  made  in  face-to- 
face  contact  with  the  patient. 
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Methods  for  Hypothesis  2: 

This  hypothesis  will  be  tested  using  actor  patients.  An  actor  will  simulate  a 
patient  with  a  predefined  stroke  deficit  with  a  predefined  NIHSS  score.  The  actor 
patient  (AP)  will  be  transported  in  the  moving  ambulance  to  simulate  an  actual 
patient  transport.  The  stroke  specialist  viewing  the  AP  by  TeleBAT  will  perform 
the  NIHSS  score  twice.  First,  during  the  transport,  and  second,  using  the 
videotape  (the  face-to-face  examination)  of  the  AP’s  transport.  The  videotaped 
examination  from  the  transport  must  be  used  as  a  proxy  to  the  actual  face-to- 
face  examination.  That  is  because  the  patient’s  condition  might  deteriorate  or 
improve  from  the  time  of  NIHSSS  determination  by  TeleBAT  during  transport. 

Statistical  Analysis  for  Hypothesis  2: 

The  two  scores  will  be  tabulated  and  an  item-by-item  analysis  will  be  performed. 
Reliability  will  be  analyzed  using  the  k  statistic.  We  will  compare  NIHSSS1  vs 
NIHSSS2  ;  if  r>  0.5  then  TeleBAT  is  valid.  (See  figure  below) 


Hypothesis  2:  Laboratory  Simulation  (2  cases) 


Stroke  Specialist 

Viewing  Format 

Model  Patient  Number 
Examination  Assignment 

Viewing  Format 

Model  Patient  Number 
Examination  Assignment 

Stroke  Specialist  1 

TeleBAT 

Model  Patient  1 

NIHSSStb  1* 

Videotape 

Model  Patient  1 

NIHSSSvr  1* 

Stroke  Specialist  2 

TeleBAT 

Model  Patient  2 

NIHSSSvr  2* 

Videotape 

Model  Patient  2 

NIHSSStb  2* 

*  NIHSSStb  1  compared  to  NIHSSSvr  1,  and  NIHSSSvr  2  compared  to 
NIHSSSjb  2.  If  >0.5,  then  TeleBAT  is  valid. 

Hypothesis  3:  The  mean  time  to  complete  evaluation*  will  be  shortened  for  the 
patient  group  using  the  TeleBAT  system  as  compared  to  that  for  an  historical 
group  not  using  TeleBAT. 

The  Brain  Attack  Team  has  maintained  a  prospective  continuous  data  bank  since 
August  1 996  for  all  patients  evaluated  who  meet  inclusion  and  not  exclusion 
criteria  above  and  data  has  been  recorded  including: 

1 .  Time  of  symptom  onset; 

2.  Time  to  referring  hospital; 

3.  Time  to  UMM 

4.  Time  to  completed  evaluation 

Our  prospective  data  bank  enters  patients  identified  by  a  unique  data  bank 
number,  which  is  not  associated  with  the  patients’  name  or  medical  record 
number.  All  information  entered  is  blinded  to  patient  identifiers. 
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*Time  to  complete  evaluation  for  time  sensitive  therapy.  The  patient  must  have 
both  general  medical  and  neurological  examinations,  have  a  completed  and 
analyzed  brain  CT  scan,  and  must  have  laboratories  returned  and  assessed  by 
the  treating  stroke  specialist. 

Methods  for  Hypothesis  3 
Historical  control  patients’  data: 

From  August  1996,  a  total  of  15  patients  were  transferred  to  UMM  from  another 
hospital  and  received  time  sensitive  therapy  (t-PA).  The  average  time  for  a 
complete  evaluation  from  arrival  in  the  emergency  department  to  initiation  of  time 
sensitive  therapy  was  33  minutes.  The  same  data  collection  will  be  used  for 
patients  that  are  transported  using  TeleBAT,  and  the  average  time  to  complete 
evaluation  for  time  sensitive  therapy  will  be  calculated  for  the  TeleBAT  patients 
(n=8). 

Statistical  Analysis  for  Hypothesis  3 

We  will  use  a  2-sample  t-test  to  analyze  this  hypothesis.  With  1 5  historical 
control  patients  having  a  mean  time  to  complete  evaluation  of  33  minutes  (SD  + 
17  minutes),  and  8  TeleBAT  patients,  we  will  have  80%  power  for  the  detection 
of  a  60%  reduction  in  time  to  complete  evaluation  with  a  2  tailed  t-test  at  the  0.05 
significance  level. 

Above  Section  from  Modified  Protocol  Version  02/25/00 


However,  on  February  28,  2000,  we  received  preliminary  comments  from  the  army’s 
Louise  Pascal  about  the  revisions  we  had  submitted  on  February  25,  2000.  The  army 
requested  that  we  make  the  following  changes:  1)  to  delete  all  references  to  medical 
monitor  and  2)  to  delete  all  references  to  a  volunteer  registry  database.  Louise  Pascal 
informed  us  that  they  no  longer  considered  the  protocol  to  be  a  high-risk  study  and  that 
it  was  now  considered  as  a  no  greater  than  minimal  risk  study. 

The  Army’s  HSRRB  met  on  March  8,  2000  and  teleconferenced  Dr.  LaMonte  for 
questions  and  comments.  On  March  14th,  we  received  a  draft  of  the  unofficial  minutes 
from  that  meeting  stating  that  more  changes  were  required  before  the  protocol  could  be 
approved.  We  started  work  on  these  right  away. 

Please  note  our  Principal  Investigator,  Dr.  Marian  LaMonte,  was  out  on  maternity  leave 
during  much  of  this  time.  Despite  being  out  of  the  office  from  January  1 0,  2000  to  April 
17, 2000  and  adjusting  to  the  demands  of  a  young  child,  Dr.  LaMonte  made  substantial 
changes  to  the  protocol  and  submitted  all  the  revisions  to  the  army  in  a  timely  manner. 

F .  Conclusions:  No  publications  have  resulted  from  this  work.  Major  work  during 
this  period  has  been  the  rewriting  revisions  and  requests  for  additions  and 
revisions  to  the  research  plan  and  cdhsenfforms  at  the  specific  request  of  the 
HSRRB.  The  majoTeffbrt  during  this  time  was  spent  making  every  effort  to 
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accommodate  the  army’s  wishes  to  get  the  protocol  approved.  .  During  this 
quarterly  report  period,  numerous  phone  calls  went  back  and  forth,  between  Dr. 
LaMonte  and  the  army’s  Colonel  Zadinsky  and  between  Lee  Bromberger  and  the 
army’s  Louise  Pascal.  Every  effort  was  made  to  comply  with  the  army’s  wishes.  We 
continued  to  work  on  revising  the  protocol. 

On  March  18,  2000,  Dr.  LaMonte  emailed  Colonel  Zadinsky  our  latest  version  of  revised 
protocol  and  simulated  patient  consent  form.  On  March  20,  2000,  we  received  the 
official  minutes  from  the  Army's  HSRRB  March  8, 2000  meeting  confirming  the  remarks 
made  in  the  unofficial  draft.  On  April  1,  2000,  Colonel  Zadinsky  emailed  Dr.  LaMonte 
with  her  comments  regarding  the  March  18,  2000  protocol  revisions.  She  said  “she 
recognizes  that  there  have  now  been  substantial  changes  to  the  protocol  since  the  initial 
submission.  Once  you  make  these  requested  changes,  they  should  have  no  problem 
giving  approval  now  that  all  human  subjects  protection  issues  have  been  addressed.” 
We  are  in  the  process  of  making  these  latest  requested  changes. 

On  March  24,  27,  28,  testing  of  the  TeleBAT  system  using  a  simulated  patient  occurred. 
On  April  4,  Dr.  LaMonte  and  the  army’s  Colonel  Zadinsky  held  a  teleconference  during 
which  time,  Colonel  Zadinsky  had  a  demonstration  of  the  TeleBAT  system  in  action, 
including  the  viewing  of  a  simulated  patient  on  the  dedicated,  secure,  TeleBAT  website. 

G:  References:  There  are  no  references. 

H:  Appendices:  There  are  no  appendices. 

I:  Patents:  No  patents  are  pending  or  planned.  No  publications  have  resulted  from  the 
work  performed  within  this  time  period. 

J:  Publication  of  Abstracts,  Manuscripts,  Brochures,  etc.  None. 

K.  Commercialization:  None  expected. 
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The  ultimate  long-term  goal  of  this  research  is  to  reduce  health  care  costs  while  improving 
the  quality  of  patient  care.  This  proposal  advances  this  goal  by  developing  a  novel  intelligent 
control  architecture  for  hemofiltration  systems.  Hemofiltration  is  a  lifesaving  renal  replacement 
therapy  used  in  an  intensive  care  setting.  Patients  with  life  threatening  illness  often  develop 
renal  failure,  and  hemofiltration  replaces  the  blood  filtering  process  while  the  kidney  recovers. 
When  done  correctly,  this  procedure  is  very  labor  intensive  in  terms  of  monitoring  and  control  of 
equipment,  for  nephrologist  and  nurse  alike.  Our  plan  is  to  use  intelligent  control  and  a  newly 
developed  filtration  system  to  facilitate  the  procedure  so  that  the  computerized  hemofiltration 
machine  will  respond  to  patient  needs  based  on  moment  to  moment  monitoring  and  thereby  result 
in  more  accurate  hemofiltration  with  reduced  human  intervention.  The  intelligent  hemofiltration 
control  algorithm  will  initially  emulate  the  operation  of  an  expert  nephrologist  and  then  improve  in 
accuracy  and  reliability  by  learning  with  experience.  We  will  test  the  hypothesis  that  the  intelligent 
hemofiltration  machine  can  learn  to  monitor  and  control  the  filtration  procedure  and  respond  to 
patient  changes  more  smoothly  than  can  intermittent  human  intervention.  The  computerization 
and  application  of  intelligent  control  to  hemofiltration  will  improve  patient  comfort  and  therefore 
increase  patient  compliance.  The  intelligent  control  algorithm  will  be  designed  to  adapt  on  a 
short-term  basis  to  accommodate  specific  patient  needs  and  on  a  long-term  basis  for  specific 
classes  of  patients.  In  addition  to  its  immediate  importance,  this  technology  also  can  be  applied 
to  the  automation  of  hemodialysis,  to  reduce  the  number  of  care-givers  required  per  dialysis 
patient  thereby  realizing  significant  savings. 
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This  research  will  be  performed  at  the  University  of  Cincinnati.  Dr.  Polycarpou’s  laboratory 
is  in  the  College  of  Engineering,  while  Drs.  Bissler  and  Benzing  are  with  the  Children’s  Hospital 
Medical  Center  (the  two  locations  are  within  walking  distance  from  each  other). 
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Monitoring  cerebral  oxygenation  offers  great  promise  in  the  management  of  acute,  life-threatening  neurologic 
illnesses,  including  severe  traumatic  brain  injury.  To  date,  the  two  primary  methods  used  to  monitor  brain 
oxygenation  are  invasive  -  one  requires  percutaneous  insertion  of  a  catheter  into  the  jugular  bulb  to 
continuously  measure  cerebral  venous  oxygenation  and  the  other  requires  insertion  of  a  probe  through  the 
skull  into  the  brain  parenchyma  to  measure  tissue  P02.  Jugular  venous  monitoring  provides  a  global  assessment 
of  brain  oxygenation,  but  requires  frequent  recalibration.  Brain  tissue  P02  provides  a  precise  regional 
measurement  of  tissue  oxygenation  but  cannot  indicate  inadequate  tissue  oxygenation  in  remote  sites.  Both 
jugular  venous  desaturation  and  low  brain  tissue  P02  have  been  associated  with  poorer  neurologic  outcome  and 
many  clinicians  use  treatment  protocols  that  initiate  interventions  when  either  or  both  of  these  values  deteriorate. 
Near-infrared  spectroscopy,  a  third,  noninvasive  method  of  monitoring  cerebral  blood  oxygenation,  is 
promising,  but  has  yet  to  be  satisfactorily  calibrated  to  provide  quantitative  measurement.  Therefore,  at  present 
there  is  no  system  for  accurate,  non-invasive,  and  continuous  monitoring  of  cerebral  blood  oxygenation.  We 
propose  a  novel  technique  that  will  utilize  well-established  differences  in  optical  absorption  coefficients  of  oxy- 
and  deoxyhemoglobin  in  the  near-infrared  spectral  range  to  accurately  monitor  blood  oxygenation. 

The  objective  of  this  project  is  to  build  and  test  a  novel  optoacoustic  system  to  measure  the  absolute  value  of 
cerebral  venous  oxygenation  directly  from  the  superior  sagittal  sinus  (SSS),  a  structure  that  can  be  localized 
due  to  the  high  resolution  of  the  optoacoustic  technique.  The  optoacoustic  technique  is  based  on  generation  of 
ultrasonic  waves  by  laser  pulses  and  detection  of  these  waves  by  a  sensitive  acoustic  transducer.  Our 
preliminary  studies  demonsrate  that  (1)  the  amplitude  and  temporal  profile  of  the  ultrasonic  waves  are  linearly 
dependent  on  blood  oxygenation;  (2)  the  use  of  specially  designed  transducers  allows  sensitive  detection  despite 
optical  and  acoustic  attenuation  by  thick  bone;  and  (3)  this  technique  will  measure  blood  oxygenation  with  high 
accuracy.  The  specific  aims  of  the  project  are:  (1)  to  build  the  optoacoustic  system;  (2)  to  validate  the  concept 
in  vitro  using  human  skulls  with  blood  circulating  through  a  model  SSS;  and  (3)  to  test  the  system  in  vivo  in 
sheep.  Performance  will  be  evaluated  in  normal  sheep  and  in  experimental  models  in  sheep  that  replicate 
conditions  typical  of  severe  clinical  traumatic  brain  injury.  By  the  end  of  the  first  year  of  the  project  the  system 
will  be  modified  in  preparation  for  preliminary  clinical  trials.  In  addition  to  brain  monitoring,  the  proposed 
system  can  potentially  be  used  for  local  non-invasive  measurement  of  blood  oxygenation  in  other  organs. 
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1.  Introduction 


The  long-term  objective  of  this  project  is  to  develop  and  test  a  novel  optoacoustic  system 
for  non-invasive,  real-time,  accurate,  continuous  monitoring  of  cerebral  venous  oxygenation. 
Low  cost  and  portability  of  the  system  will  permit  wide  application  in  the  field  (as  in  military  or 
mass-casualty  settings),  in  emergency  care  vehicles,  and  in  hospitals.  The  objective  of  the  first 
year  of  the  project  is  to  build  and  test  a  novel  optoacoustic  system  to  measure  the  absolute  value 
of  cerebral  venous  oxygenation  directly  from  the  superior  sagittal  sinus  (SSS),  a  structure  that 
can  be  localized  due  to  the  high  resolution  of  the  optoacoustic  technique.  Our  specific  aims  for 
the  first  year  are:  (1)  to  develop  and  build  a  compact  laser  optoacoustic  system  for  continuous 
monitoring  of  cerebral  venous  oxygenation;  (2)  to  evaluate  the  system  performance  in  human 
cranium;  (3)  to  evaluate  the  system  performance  in  animal  model.  The  first  six  months  of  the 
project  are  devoted  to  full  implementation  of  Aim  1  and  partial  implementation  of  Aim  2. 


2.  Body  of  the  Report 

During  the  period  from  the  grant  application  submission  and  the  start  day  of  the  project 
we  continued  our  efforts  in  the  development  of  the  optoacoustic  system  for  non-invasive 
continuous  monitoring  of  cerebral  blood  oxygenation.  This  report  includes  data  obtained  during 
this  period  and  the  first  six  months  of  the  funded  period. 

2.1.  Optoacoustic  System  for  Blood  Oxygenation  Monitoring 

We  developed  and  built  the  compact  system  with  the  following  components  :  (1)  a 
compact  nanosecond  Nd:YAG  laser,  (2)  a  fiber-optic  light  delivery  system  combined  with  a 
sensitive  acoustic  transducer  in  an  optoacoustic  probe,  and  (3)  a  computer  for  signal  registration 
and  processing.  The  compact  Nd:YAG  laser  (Ultra  CFR,  X  —  1064  nm)  was  purchased  from  Big 
Sky  Technologies  Inc.  This  laser  does  not  need  external  water  cooling  and  provides  pulse  energy 
of  up  to  55  mJ  at  stability  of  0.3%.  The  laser  head  was  coupled  with  one  end  of  a  fiber-optic 
bundle.  The  other  end  of  bundle  was  incorporated  into  the  optoacoustic  probe. 

The  optoacoustic  probe  combines  a  sensitive  PVDF  piezoelement  with  the  diameter  of  8 
mm  and  optical  fibers  around  the  transducer  with  the  diameter  of  0.2  mm.  The  fibers  are 
mounted  around  the  transducer.  Axial  resolution  of  the  optoacoustic  probe  is  0.3  mm. 

The  optoacoustic  signals  are  recorded  and  processed  by  using  a  portable  digital  scope  and 
computer  (Dell  Inc.,  Processor:  Pentium  III,  550  MHz).  Recently,  the  Department  of 
Anesthesiology  (UTMB)  purchased  a  laptop  computer  (Dell  Inc.,  Inspiron  3800,  Processor: 
Pentium  III,  650  MHz)  for  the  project  that  substantially  decreases  size  and  weight  of  the 
monitoring  system.  We  also  developed  an  algorithm  for  processing  of  optoacoustic  signals. 

2.2.  In  vitro  tests  of  the  system  (major  results) 
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We  evaluated  the  performance  of  our  system  in  vitro  with  the  use  of  a  blood  oxygenator 
and  in  phantoms  simulating  blood  with  different  oxygenation. 

The  oxygenator  consists  of  a  reservoir  in  which  blood  accumulates,  a  supply  of  gases 
(oxygen,  carbon  dioxide,  and  nitrogen),  a  membrane  oxygenator,  an  “arterial”  line  (which  in 
patients  would  be  inserted  into  the  aorta),  a  rotary  pump,  and  a  “venous”  line  (which  in  patients 
would  return  blood  from  the  great  veins  in  the  chest)  (Fig.  1).  In  this  model,  the  arterial  and 
venous  lines  are  simply  connected  through  a  monitoring  phantom  (which  replicates  features  of 
tissue  through  which  a  vessel  courses)  to  form  a  complete  ex  vivo  circuit.  By  changing  the  gas 
supply  into  the  membrane  oxygenator  and  permitting  time  for  equilibration,  the  oxyhemoglobin 
saturation  can  be  adjusted  over  a  broad  range  and  also  can  be  changed  in  random  order  For 
instance,  changing  the  gas  supply  to  95%  oxygen  results  in  nearly  complete  oxyhemoglobin 
saturation;  changing  the  gas  supply  to  5%  oxygen  results  in  oxyhemoglobin  saturation  of 

approximately  50%.  Changing  the  gas  supply  below  5%  provides  oxyhemoglobin  saturation 
below  50%. 

Fig.  2  shows  optoacoustic  signals  recorded  from  blood  circulating  through  a  5-mm  latex 
tube  simulating  a  blood  vessel.  The  tube  was  embedded  in  a  phantom  simulating  tissue  between 
the  optoacoustic  probe  and  the  vessel.  The  signals  were  recorded  through  a  5-mm  turbid  gelatin 
slab  (50  cm  x  50  cm)  with  optical  properties  typical  for  tissues  in  the  near  IR  spectral  range 
(absorption  coefficient  =  0.11  cm'1,  reduced  scattering  coefficient  =  2.9  cm'1,  effective 
attenuation  coefficient  =  1.0  cm'1)  and  a  plastic  cuvette  with  7-mm  walls.  The  figure  shows 
optoacoustic  pressure  signals  recorded  from  the  phantom  at  different  blood  oxygenation:  100%, 
44%,  27%,  and  10%.  Fresh  sheep  blood  was  used  in  these  experiments.  Blood  samples  (1  mL) 
were  taken  simultaneously  with  the  optoacoustic  data  acquisition  and  blood  oxygenation  was 
measured  with  a  standard  CO-Oxymeter  (IL  813  Instrumentation  Laboratories,  USA). 

The  first  sharp  peak  was  produced  by  generation  of  optoacoustic  waves  directly  on  the 
surface  of  the  optoacoustic  probe.  The  long  signal  with  the  wide  maximum  at  2.4  ps  was  due  to 
optoacoustic  wave  generation  in  the  turbid  gelatin.  The  signal  between  5  and  8  ps  was  generated 
m  blood  circulating  in  the  tube.  It  is  clearly  seen  that  the  parameters  of  the  signal  are  dependent 
on  blood  oxygenation.  The  amplitude  and  slope  of  the  signal  increase  with  the  increase  of  blood 
oxygenation  due  to  higher  absorption  coefficient  of  oxyhemoglobin  compared  with  that  of 
deoxyhemoglobin.  These  experiments  demonstrate  capability  of  the  optoacoustic  technique  to 
detect  changes  in  blood  oxygenation  continuously,  non-invasively,  and  in  real  time  through  a 
tissue-like  turbid  medium  by  with  the  optoacoustic  probe  in  the  forward  mode. 

Our  tests  in  thick  gelatin  phantoms  simulating  thick  human  skull  and  blood  circulating  in 
the  SSS  confirmed  the  capability  of  the  system  to  detect  optoacoustic  signals  from  SSS  phantom. 
Fig.  3  shows  optoacoustic  signal  recorded  from  a  gelatin  slab  with  the  thickness  of  15  mm  and 
optical  properties  typical  for  tissues  such  as  skull  and  skin  in  the  near  IR  spectral  range 
(absorption  coefficient  =  0.11  cm'1,  reduced  scattering  coefficient  =  2.9  cm'1,  effective 
attenuation  coefficient  =  1.0  cm'1).  The  first  sharp  peak  was  produced  by  optoacoustic  wave 
generation  on  the  surface  of  the  probe.  The  second  (wide)  peak  with  the  following  negative  part 
was  detected  from  the  turbid  gelatin.  This  optoacoustic  signal  is  typical  for  uniform  media. 

To  simulate  blood  circulating  in  the  SSS  under  human  skull,  a  layered  tissue  phantom 
was  used.  The  first  9-mm  layer  was  made  of  the  same  turbid  gelatin.  The  second  layer  was 
made  of  gelatin  with  higher  absorption  coefficient  (5  cm  ')  typical  for  venous  blood  in  the  near 
IR  spectral  range.-  The  optoacoustic  probe  was  placed  on  the  surface  of  the  turbid  gelatin.  The 
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signal  recorded  from  the  layered  phantom  (Fig.  4)  has  one  more  peak.  This  peak  was  produced 
in  the  absorbing  gelatin. 

These  experiments  demonstrate  that  the  optoacoustic  probe  is  capable  of  detection  of 
optoacoustic  waves  in  the  forward  mode  (irradiation  and  detection  of  optoacoustic  waves  from 
the  same  side)  from  absorbing  objects  through  thick  turbid  media  simulating  human  skull. 

The  in  vitro  tests  of  the  optoacoustic  system  in  human  cranium  obtained  from  the 
Anatomy  Department  at  the  University  of  Texas  Medical  Branch  demonstrated  high  acoustic 
attenuation  of  optoacoustic  waves  in  the  human  skull.  It  is  due  to  the  air  pockets  that  are 
produced  in  bone  tissues  because  of  desiccation  of  water  in  in  vitro  conditions.  Such  a  high 
attenuation  is  not  typical  for  bones  in  vivo  and  fresh  bones  isolated  from  air  immediately  after 
extraction  from  a  body.  We  decided  to  test  our  system  in  freshly  excised  sheep  skulls  (see 
below)  while  trying  to  remove  the  air  trapped  in  the  human  skulls  using  different  techniques. 

Our  results  of  the  development  and  tests  of  the  optoacoustic  monitoring  system  indicate 
that  there  are  two  possible  designs  of  the  optoacoustic  probe.  One  of  them  is  the  design 
described  above  and  proposed  in  the  NMTB  grant  applications,  where  an  acoustic  transducer  is 
surrounded  by  optical  fibers.  There  is  also  another  probe  configuration  that  we  have  envisioned 
after  we  submitted  the  grant  application  to  NMTB.  The  design  uses  so-called  ring  transducer  and 
optical  fibers  inserted  in  the  center  of  the  transducer.  This  design  offers  the  potential  to 
significantly  improve  the  signal-to-noise  ratio  of  the  optoacoustic  waves  induced  in  the  superior 
sagittal  sinus.  While  the  original  design  for  the  probe  is  simpler  and  may  have  higher  integral 
(over  a  wide  angle  of  acceptance)  sensitivity,  it  may  have  significant  background  (noise)  signal 
from  the  scalp  and  skull  due  to  the  wide  angle  of  acceptance.  On  the  other  hand,  the  use  of  the 
ring  optoacoustic  probe  is  expected  to  significantly  improve  lateral  resolution  and  reduce 
unwanted  background  optoacoustic  signal  from  the  scalp  and  skull.  The  ring  transducer  has 
narrow  angle  of  acceptance  that  may  result  in  higher  sensitivity  of  optoacoustic  wave  detection 
from  the  superior  sagittal  sinus  with  minimal  lateral  signal  from  the  other  tissues. 

We  performed  preliminary  feasibility  tests  with  the  ring  optoacoustic  probe.  Figure  5 
shows  typical  optoacoustic  signals  recorded  from  absorbing  solutions  through  a  10-mm  turbid 
tissue  phantom.  The  solutions  had  different  absorption  coefficients  and  simulated  blood  with 
different  oxygenation.  Naphthol  green,  a  stable  dye  with  absorption  in  the  near  infra-red  spectral 
range,  was  used  as  an  absorber  in  these  solutions.  The  range  of  absorption  coefficient  was  from 
1  to  12  cm'1  that  covers  the  entire  range  of  venous  blood  absorption  coefficient  at  different 
oxygenation  and  hemoglobin  concentration  (2  to  10  cm'1).  The  tissue  phantom  was  a  milk 
solution  with  optical  properties  similar  to  that  of  bone  tissue  in  the  near  infra-red  spectral  range. 
The  thickness  of  the  tissue  phantom  is  close  to  that  of  human  skull  above  the  SSS  (8-10  mm). 
Thin  polymer  film  was  used  to  separate  these  two  solutions.  The  parameters  of  the  signals  (slope 
and  amplitude)  are  dependent  on  the  absorption  coefficient  of  the  solution.  The  results  of  the 
first  tests  with  the  ring  optoacoustic  probe  are  encouraging  and  we  believe  that  the  ring  probe 
configuration  should  be  further  developed. 

In  vitro  experiments  were  performed  with  freshly  excised  sheep  skull  (thickness  =  5  mm). 
A  small  slab  of  10%-gelatin  colored  with  naphthol  green  was  placed  under  the  skull.  It 
simulated  blood  in  the  SSS.  Standard  ultrasonic  gel  was  used  to  provide  acoustic  contact 
between  the  optoacoustic  probe  and  the  skull  and  between  the  skull  and  the  slab.  The 
optoacoustic  system  was  capable  of  detection  of  the  signals  from  the  slab  (Fig.  6).  Slabs  with 
different  absorption  coefficients  (4  and  20  cm-1)  induced  different  optoacoustic  signals.  The  in 
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deoxyhemoglobin  is  well-known  (see  [1  2]  and  Fig  7)  CurTeld'v  if**!™  °f  °xy'  “d 
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Ma  (1064)  -  Cfoxy]  x  K  [oxy,  1064]  +  C[deoxy]  x  K  [deoxy,  1064] 
and 

Ha  (750)  =  C[oxy]  x  K  [oxy,  750]  +  Cfdeoxy]  x  K  [deoxy,  750] 

wavdenoth^ ^  and  (750)  are  absorption  coefficients  of  blood  measured  by  the  two 
wavelength  optoacoustic  system  at  1064  and  750  run,  respectively  Cfoxy]  and  CrdeoxviTe 
concentrations  of  oxy-  and  deoxy-  hemoglobin  in  blood;  and  K  [oxy  1064] IcTdtoxy  Tolil  K 
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FIGURES 


Phantom 


Figure  1.  Schematics  of  blood  oxygenator  for  in  vitro  tests  of  the  optoaocustic  system 
for  cerebral  blood  oxygenation  monitoring. 
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Optoacoustic  Signal  (mV) 


Figure  2.  Optoacoustic  signals  recorded  with  the  optoacoustic  probe  from  a  turbid  tissue 
phantom  with  blood  at  different  oxygenation  (100, 47,  27,  and  10%)  circulating  in  a  5-mm  tube. 


Optoacoustic  Signal  (mV) 


Figure  3.  Optoacoustic  signal  recorded  with  the  optoacoustic  probe 
from  1 5-mm  turbid  uniform  gelatin  simulating  thick  tissue. 


Figure  4.  Optoacoustic  signal  recorded  with  the  optoacoustic  probe  from  a  layered  tissue 
phantom  (9-mm  turbid  gelatin  slab  and  a  slab  of  absorbing  gelatin 
simulating  blood  under  thick  tissue). 
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Figure  5.  Optoacoustic  signals  recorded  from  absorbing  solutions  with  different  absorption 
coefficients  (  3  cm'1 ,  8  cm"1 ,  and  12  cm'1  :  1,  2, 3,  respectively)  through  10-mm  turbid  tissue 

phantom. 


Figure  6.  Optoacoustic  signals  recorded  from  gelatin  slabs  with  different  absorption  coefficient 
( 4  cm'1  and  20  cm'1  :  1,  2,  respectively)  through  5-mm  sheep  skull. 
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Absorption  Coefficient  (1/cm) 


Wavelength  (nm) 


Fig.  7.  Absorption  spectra  of  oxy-  and  deoxyhemoglobin  in  the  visible  and  near  infra-red 
spectral  range. 
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Traumatic  injury  is  the  greatest  cause  of  death  in  the  US.  Most  trauma-related  deaths  occur  within 
hours  of  initial  therapy;  many  of  these  deaths  are  due  to  inappropriate  fluid  therapy,  i.e.  either  under- 
I  resuscitation  or  over-resuscitation.  We  have  recently  found  that  cerebral  oxygenation  (CrS02)  as  measured 
with  noninvasive  transcranial  near  infrared  spectroscopy  (NIRS)  provides  an  effective  index  of 
cardiovascular  status  during  shock  and  resuscitation.  Further,  we  have  designed  and  prototyped  a  new 
small,  lightweight,  microprocessor  controlled  infusion  pump  for  field  resuscitation. 

These  accomplishments  have  lead  to  this  proposal  and  our  current  goal  to  develop  a  new  product,  a 
Resuscitation  System,  which  integrates  a  small  microprocessor  pump,  closed-loop  fuzzy  control  and  NIRS 
oximetry  to  optimize  fluid  infusions  for  the  initial  treatment  of  trauma. 

The  overall  hypothesis  to  be  tested  is  Resuscitation  of  severe  uncontrolled  hemorrhagic  shock  is 
effectively  achieved  by  fuzzy  logic  controlled  titration  of  infusion  to  restore  and  maintain  a  target 
CrS02.  We  address  our  hypothesis  with  specific  aims  to: 

1 .  Design  and  develop  a  functional  prototype  Resuscitation  System  which  uses  fuzzy  control 
algorithms  for  adjusting  infusions  to  restore  and  maintain  target  CrS02. 

2.  Evaluate  the  efficacy  of  titrated  resuscitation  of  uncontrolled  internal  hemorrhage  using  fuzzy  logic 
controlled  infusion  to  restore  and  maintain  a  target  CrS02  in  chronically  instrumented  sheep.  Control 
groups  will  be  treated  with  standard  of  care  large  volume  resuscitation  and  a  no  treatment  control  group. 

The  commercial  potential  is  for  all  ambulances,  life-flight  helicopters  and  far  forward  military  aid-stations 
to  be  equipped  with  this  technology. 
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Introduction 


Our  overall  long-term  goal  is  to  develop  a  new  technological  product,  a  Resuscitation 
System,  which  uses  closed-loop  control  to  optimize  fluid  infusions  for  the  initial  treatment  of 
traumatic  hemorrhage.  The  hypotheses  to  be  tested  were  1)  monitoring  brain  oxygenation  using  . 
non-invasive  Near  Infrared  Spectroscopy  (NIRS)  provides  an  effective  endpoint  variable  with 
which  to  guide  infusion  rates  and  2)  that  fuzzy  logic  control  provides  the  best  control  algorithm. 

In  this  semi-annual  report,  we  present  data  that  did  not  support  the  first  hypothesis,  and  therefore  / 
we  altered  our  plans  and  are  using  the  other  endpoints  hepatic  oxygenation  and  systolic  blood  / 
pressure,  which  we  have  found  effective.  Completed  experiments  and  their  analysis  have  / 
suggested  several  control  algorithms  that  we  continue  to  develop.  These  include  dimensional 
decision  tables,  PID  controller  and  fuzzy  logic  controller.  On  a  positive  note.  Dr.  Don  Deyo  of  i 
our  group  has  made  a  new  and  significant  redesign,  improvement  and  simplification  of  our 
previously  patented  pressurized  infusion  system.  We  believe  this  new  design  has  a  superior 
commercial  potential.  Dr.  Deyo's  design  may  result  in  a  new  patent  and  an  important  product  for 
both  civilian  and  militaiy  treatment  of  trauma.  The  infusion  algorithms  developed  by  our 
research  can  be  programmed  into  the  pump,  which  would  be  the  core  component  of  a  full  } 

Resuscitation  System.  A  microprocessor  controlled  Resuscitation  System  could  become  part  of  j 
telemedicine  monitoring  and  trauma  care  and  be  most  important  for  applications  to  combat  / 
casualty  care  and  other  non-hospital  use.  On  the  other  hand,  we  are  behind  in  our  experimental  j 
timetable  and  also  in  our  expenditures  for  a  variety  of  technical  and  personnel  issues.  We  are  \ 

requesting  a  six-month  extension  with  a  no  cost  increase  to  complete  the  project.  Details  of  \ 

results  to  date  and  amended  plan  follow.  / 

/ 

/ 

CMcyt  4u). 
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BODY  OF  REPORT: 


Historic  Background  and  Current  Guidelines:  Advanced  Trauma  Life  Support  (ATLS)  is  a 
course  taught  by  the  American  College  of  Surgeons  for  the  initial  care  of  hemorrhage  and  trauma 
by  physicians  and  nurses(l).  ATLS  is  as  close  to  a  US  standard  that  is  available.  Actual 
prehospital  and  early  emergency  room  trauma-care  varies  considerably  at  different  US  centers 
and  even  more  so  between  the  US  and  European  systems  based  on  physician  training  and  beliefs 
as  well  as  prehospital  and  ER  resources.  Treatment  guidelines  for  military  medicine  can  vary 
between  service  branches  and  units  per  local  medical  command.  However,  ATLS  guidelines 
modified  somewhat  for  special  logistic  constraints  of  combat  casualty  care  are  often  applied  ’ 

The  ATLS  guidelines  for  the  initial  treatment  of  hemorrhage  and  trauma  are  to  control 
hemorrhage  and  infuse  an  isotonic  crystalloid  solution.  The  most  commonly  used  solution  is 
lactated  Ringer’s.  Internal  hemorrhage  can  rarely  be  immediately  stopped,  as  this  requires 
definite  treatment,  which  is  often  surgery.  Therefore,  in  most  all  cases  fluid  infusion  is  started 
before  hemorrhage  is  controlled.  If  hemorrhagic  shock  has  developed,  it  is  considered  necessary 
o  in  se  fluid  to  increase  blood  volume  and  hemodynamics  before  hemostasis  is  guaranteed  The 
amount  of  volume  is  controversial,  but  a  sufficient  volume  needs  to  be  infused  that  can  provide 
enough  venous  return  in  order  to  produce  a  cardiac  output  that  allows  adequate  arterial  and  blood 
flow  to  vital  organs  to  preserve  their  function.  The  concept  of  the  'Golden  Hour'  of  trauma  care  is 
that  prompt  early  restoration  of  cardiovascular  function  in  the  first  post  injuiy  hour  can  be 
critical  to  prevent  subsequent  organ  morbidity  or  the  development  of  irreversible  shock.  This 
emphasis  on  early  volume  therapy  has  lead  to  protocols  of  aggressive  fluid  infusion. 


How  much  and  how  rapid  the  infusion  should  be  is  controversial.  In  the  last  10  years  there 
has  been  less  emphasis  on  aggressive  resuscitation,  particularly  after  penetrating  injury.  Animal 
experiments  mimicking  uncontrolled  internal  hemorrhage  due  to  aortotomy  and  arterial  resection 
have  shown  that  rapid  increases  in  blood  pressure  secondary  to  rapid  infusion  can  increase 
internal  bleeding  and  mortality.  Only  one  clinical  trial  to  date  has  examined  withholding  or 
limiting  intravenous  fluids.  Bickell  et  al,  1990  showed  higher  survival  rates  in  which  substantial 
fluid  therapy  was  delayed  until  surgery  began  (2).  Animal  experiments  suggest  that  the  highest 
survival  rates  of  uncontrolled  hemorrhage  occur  with  a  limited  resuscitation  regimen  that  limits 
fluid  in  severe  circulatory  dysfunction  to  volumes  sufficient  to  stabilize  but  not  normalize  (3,  4). 
This  has  resulted  in  policies  of  less  aggressive  therapy  at  many  trauma  centers.  Some  trauma 
centers  and  military  medical  units  have  different  policies  for  volume  therapy  depending  on  the 
type  of  injury.  Some  infuse  little  fluid  after  penetrating  injury,  if  mentation  is  present  or  systolic 
pressure  is  above  100  mnHg.  Currently,  there  is  no  definitive  means  to  guide  fluid  therapy. 

Infusion  Rates:  ATLS  guidelines  for  the  treatment  of  hemorrhagic  hypotension  are  to  first 
infuse  two  liters  of  lactated  Ringer’s  rapidly  over  10  to  15  minutes.  This  would  be  an  infusion 

V*  6  °1133  200  ™f/min  for  a  70  ks  man-  Such  rates  require  one  or  two  large  bore  catheters. 

More  typically,  civilian  prehospital  fluid  therapy  is  delivered  in  volumes  of  less  than  a  liter,  and 

is  often  delivered  over  a  short  ~1 0  minute  urban  transport  time  (5) 


Egsponse  to  Fluid  Therapy:  ATLS  teaches  that  the  hemodynamic  response  to  the  two  liter 
bolus  infusion  can  be  a  measure  of  how  severe  the  shock  is  and  whether  ongoing  bleeding  is 
occurring.  If  there  is  no  response  the  hemorrhage  is  considered  severe  and  further  volume 
packed  RBC’s  and  surgery  are  likely  to  be  indicated.  If  there  is  a  sustained  response  and  stability 
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thm  the  hemorrhage  may  be  modest  and  corrected  and  the  need  for  surgery  is  considered  less 
likely.  One  key  question  is  should  initial  fluid  therapy  be  directed  by  a  set  formula,  adjusted  to 
arget  endpoints  or  adjusted  to  the  response  of  therapy?  Such  questions  can  only  be  answered 
when  precise  data  on  volume  delivery  and  physiological  responses  can  be  monitored,  recorded 
and  analyzed  Our  experiments  will  address  these  questions  in  animals  while  a  new  Resuscitation 
System  would  gather  the  data  in  trauma  patients. 

Overview  and  Summary:  We  provide  this  overview  of  work  done  and  results  followed  by 
details  on  the  methods,  results  to  date  and  the  work  to  be  done.  The  overall  goal  of  the  project 
continues  to  be  the  development  of  a  Resuscitation  System  for  monitoring  and  assessing  level  of 
circulatory  shock  and  automated  closed-loop  fluid  resuscitation.  Such  a  Resuscitation  System 
will  provide  definitive  records  between  fluid  therapy  and  responses  and  would  also  lend  itself  to 
online  telemedicine  monitoring  and  therapy  decisions  as  well  as  detailed  offline  analysis. 

T  ,  Ttrc  hypothesis  to  be  tested  was  monitoring  brain  oxygenation  using  non-invarive  xw 
.nfrared  Spectroscopy  (NIRS)  provides  an  effective  endpoint  variable  with  which  tn  oniric 
infusion  rates.  The  rationale  was  that  using  the  target  of  brain  oxygenation  would  provide  a  - 
means  of  establishing  adequate  vital  organ  blood  flow  and  overall  cardiovascular  stability,  albeit 
at  a  lower  than  normal  level.  Data  collected  as  part  of  this  project  strongly  suggests  that  brain 

°X~n  Pu°Vlde  3  rdiable  endP°int  t0  guide  fluid  resuscitation.  After  we  submitted 

our  NMTB  proposal,  the  NIRS  technology  improved  and  we  gained  access  to  a  newer  model 
cerebral  oximeter.  The  Somanetics  dual  channel  INVOS  4100  has  allowed  us  to  measure  both 
cerebral  oxygenation  and  oxygenation  at  one  additional  site.  Despite  the  lack  of  success  with 
cerebral  oxygenation  the  results  were  encouraging  for  two  other  endpoint  variables-  1)  hepatic 
Oxygenation  which  was  measured  non-invasively  with  the  NIRS  oximeter  and  2)  systolic  blood 
pressure  which  also  lends  itself  to  non-mvasive  measurement.  These  two  variables  appear  to 
provide  far  more  robust  and  useful  endpoints.  We  will  focus  on  these  two  endpoints  for  future 
studies  and  will  incorporate  one  or  both  of  them  into  the  Resuscitation  System 

nd  ^P?hesis  tbat  fazzY  lQgic  contro1  is  superior  to  simple  decision  tnhle.  ,nH  , 
PID  c°ufroller.  We  have  not  been  able  to  evaluate  this  hypothesis  yet.  However,  we  have 

T*  malySeS  haVe  SUggested  severaI  contro1  algorithms  that  we  will 
continue  to  develop^  We  have  found  that  normalization  of  systolic  blood  pressure  or  NIRS 

oxygenation  are  difficult  to  achieve  even  with  massive  resuscitation  and  that  the  use  of 
su  normal  target  endpoints  provides  an  adequate  measure  of  cardiovascular  stabilization.  We 
ave  also  compared  large  volume  bolus  infusions  versus  small  volume  bolus  infusions  versus 
cjmtimious  infusions  at  lower  infusion  rates.  We  find  that  the  small  bolus  infusion  is  more 
tficient  than  the  large  bolus  infusion.  The  continuous  infusion  approach  is  likely  to  result  in 
fluid  spanng  while  achieving  the  same  endpoint.  Volume  sparing  is  an  important  consideration 

tmpefen T  ^  ^  ***'  W*  ^  ******  various  approaches  to  analyzing  the 

target  endpoints  such  as  normalizing  the  physiological  response  to  the  volume  of  fluid  infused  or 

he  im  ml  level  of  the  vanable.  The  input  from  rate  of  change  of  the  target  variable  (differential) 
has  not  been  as  useful  as  using  the  simple  error  signal  alone.  The  error  signal  is  equal  to  the 
difference  between  the  measured  variable  and  the  target  for  that  variable  (proportional)  We 
have  had  excellent  success  with  the  use  of  a  2  x  5  decision  table,  linking  infusion  rate  to  error 
signal  or  endpoint  vanable.  We  will  test  the  prototype  with  fuzzy  logic  control  once  our 
expenmental  microprocessor  controller  is  built. 
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Experimental  Microprocessor  Controller:  This  part  of  the  project  has  had  delays.  We  have  had  to 
redesign  our  closed-loop  infusion  system  since  our  closed-loop  PC  based  infusion  system  had 
interface  problems  with  Baxter’s  commercial  infusion  pump,  which  we  previously  used.  Baxter 
would  not  share  their  communication  code  with  us  and  the  computer  control  feature  of  the  pump 
was  discontinued  and  not  fully  supported  by  Baxter.  Dr.  Don  Deyo  has  designed  a  controller 
from  the  ground  up  using  LabView  software  that  interfaces  with  a  new  Masterflex  digital  rotary 
pump.  This  controller  has  been  designed  to  utilize  a  variety  of  target  endpoint  variables  as  inputs 
and  a  variety  of  control  algorithms.  Display  and  control  panels  and  schematics  appear  in  the 
Results  section.  Although  good  progress  has  been  made  the  integration  of  the  control  component 
is  not  completed.  We  have  not  yet  been  able  to  fully  use  the  controller  in  animal  experiments.  To 
maintain  progress,  we  performed  our  first  animal  experiments  with  a  'simulated'  closed-loop 
feedback  using  technician  controlled  infusion  adjustments  based  on  a  priori  designed  decision 
tables  and  logic  rules.  This  has  allowed  us  to  test  our  first  hypothesis  on  using  cerebral 
oxygenation  and  to  evaluate  several  other  infusion  strategies. 

Potential  New  Product  and  Invention:  Dr.  Donald  Deyo  has  made  a  significant  redesign, 
improvement  and  simplification  of  our  previously  patented  pressurized  auto-infuser  system  (6) 
We  believe  this  new  design  has  superior  commercial  potential  and  may  result  in  an  important 
product  for  the  treatment  of  trauma,  for  both  civilian  and  military.  Dr.  Deyo  will  file  this  as  a 
formal  record  of  invention  and  a  commercialization  plan  with  UTMB  and  NMTB  An  initial 
declaration  of  the  invention  has  been  filed  with  UTMB’s  Technology  Management  Office  along 
with  a  copy  of  this  semi-annual  report.  We  will  make  a  functional  concept-proving  prototype  of 
the  Deyo  mvention  once  the  experimental  controller  is  completed.  We  will  not  prototype  the 
original  auto-infuser  further. 

Methods: 


Our  animal  protocol  received  DOD  approval  three  months  after  the  start  of  the  grant  and  this 
resulted  in  a  delayed  start.  However,  since  starting  the  animal  experiments  we  have  made  good 
progress,  which  has  provided  the  necessary  information  to  select  a  reliable  endpoint  variable  and 
has  helped  design  effective  infusion  algorithms. 


Dcvel°Pment  and  SheeP  Experiments:  In  the  initial  pilot  experiments  we  found 
that  NIRS  monitoring  of  cerebral  oxygen  (CrS02)  did  not  always  provide  a  signal  that  improved 
with  other  indices  of  cardiovascular  function.  In  fact,  in  some  experiments  CrS02  barely  fell, 
presumably  because  of  cerebral  autoregulation.  But  in  other  experiments  CrS02  did  not  improve 
with  resuscitation,  despite  other  improved  variables.  Thus  we  compared  the  use  of  the  CrS02 
endpoint  (target  of  50%)  to  other  endpoints  such  as  hepatic  oxygenation  (Hep  S02)  and  systolic 
blood  pressure  target  =  120mmHg.  Results  were  correlated  with  'gold  standards'  of 
cardiovascular  function  that  have  to  be  measured  invasively,  such  as  aortic  blood  flow  and  mixed 
venous  oxygenation.  If  CrS02  had  worked  well,  it  would  not  have  been  necessary  to  evaluate 
other  endpoint  variables,  but  these  experiments  have  saved  the  day  as  they  provided  us  with  two 
effective  alternate  endpoints  for  our  Resuscitation  System. 

Experimental  Senes  1  Controlled  Hemorrhage  Comparison  of  Different  Infusion  Algorithms  and 
Ijinerent  Endpoints;  Experiments  were  first  performed  in  our  model  of  controlled  graded 
hemorrhage  to  produce  different  levels  of  hypovolemic  shock  and  then  resuscitation  using  bolus 
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infusions.  We  measured  the  response  of  the  selected  NIRS  endpoint  at  5  minutes  after  the  bolus 
infusion  in  order  to  determine  the  need  for  and  the  size  of  the  volume  of  the  second  infusion. 

Five  minutes  was  deemed  the  time  required  to  insure  a  NIRS  response.  When  the  more  rapidly 
changing  variable  endpoint  systolic  blood  pressure  was  used,  a  smaller  bolus  infusion  was  made 
every  two  minutes. 

After  an  overnight  fast,  recording  leads  and  catheters  were  connected  from  pressure 
transducers  and  flow  meters  (Baxter  Vigilance  Monitor)  to  the  conscious  sheep  in  its  home  cage 
on  the  experiment  morning.  Signals  of  blood  pressure,  cardiac  output,  (aortic  blood  flow),  mixed 
venous  S  O2,  CrSC>2  and  HepSQ2  received  from  pressure  transducers,  flow  meters  and  a  INVOS 
4 1 OO  cerebral  oximeter,  respectively  were  continuously  displayed  and  recorded  after  analog-  ' 
digital-conversion  using  PowerLab  Software  and  a  Macintosh  PC.  After  60  min  of  baseline 
recording,  we  withdrew  blood  into  a  sterile  titrated  blood  collection  bag  until  mean-arterial- 
pressure  decreased  to  35-40  mm  Hg.  This  produced  a  rapid  and  clinically  relevant  hemorrhage. 
AH  endpoint  variables  were  continuously  recorded  and  regression  analysis  was  used  to  correlate 
variables  from  baseline  through  modest,  moderate  and  severe  shock,  respectively,  before 
resuscitation.  Ten  minutes  after  the  hemorrhage  was  stopped,  resuscitation  was  started  to  restore 
target  variables  using  the  different  infusion  algorithms  listed  in  tables  below.  These  were 
simulated  closed-loop  resuscitation  as  Dr.  Noddeland  made  the  decision  at  every  2  or  5  min 
period  using  the  decision/infusion  algorithms  as  listed  below  in  tables  1, 2  and  4. 

Because  of  the  lack  of  a  mathematical  model  that  relates  volume  infusion  to  any  endpoint,  we 
cannot  analytically  design  the  algorithm.  Initially  we  used  arbitrary  target  levels  and  endpoints 
that  have  been  refined  and  tuned  in  subsequent  experiments  as  described  in  the  Results  section. 

In  addition  to  performing  a  regression  and  correlation  analysis  during  the  induction  of 
hemorrhagic  shock,  we  performed  a  separate  regression  analysis  for  all  variables  during 
resuscitation  or  treatment.  We  compared  results  from  four  different  60-min  resuscitation 
protocols  using  three  different  resuscitation  endpoints  (NIRS  CrS02,  NIRS  HepS02  and  SBP)  in 
each  of  the  six  sheep,  as  well  as  one  control  untreated  protocol.  This  resulted  in  a  series  of  24 
experiments  of  hypovolemia  and  18  experiments  of  resuscitation  and  6  experiments  with 
spontaneous  compensatory  responses  alone.  The  endpoint  variable  was  evaluated  at  predefined 
time-points.  The  endpoint  value  determined  the  size  of  the  bolus  infusion  or  the  adjustment  to  the 
infusion  rate  for  continuous  infusion  experiments.  Dr.  Noddeland  designed  the  following 
decision  tables. 
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Table  1 


Rules  for  guiding  infusion  using  NIRS  endpoints  and  large  bolus  infusions;  The  same  set  of 
rules  and  targets  were  used  for  the  NIRS  liver  and  brain  measurements  in  this  large  volume  bolus 
series.  A  decision  was  made  every  5-minute  regarding  the  bolus  size  and  whether  to  infuse  a 
bolus  or  not.  Each  5-minute  period  was  divided  into  an  infusion  or  intervention  and  the 
subsequent  observation  period. 


NIRS  endpoint 
value  at 

indention 

Observation 

less  than  45  % 

Bolus  of  Lactated 
Ringer’s  200  mL 
given  i.v.  within  60 
sec.  from  timepoint 

About  4  min  so  that 
intervention  + 
observation  is  exactly  5 
minutes 

45  -  50  % 

Bolus  of  Lactated 
Ringer’s  100  mL 
given  i.v.  within  30 
sec.  from  timepoint 

About  4  min  so  that 
intervention  + 
observation  is  exactly  5 
minutes 

above  50  % 

no  intervention 

5  minutes 
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Table  2 


Rules  for  arterial  systolic  blood  pressure  (SBP)  guided  fluid  resuscitation  and  small  bolus 
infusions.  The  set  of  rules  and  targets  were  used  for  the  more  rapidly  responding  SBP 
measurement.  A  decision  was  made  every  2-minute  regarding  the  bolus  size  and  whether  to 
infuse  a  bolus  or  not. 


SBP  endpoint  value  at 

■  ,  • 

.  •  •  ■ 

'  '  r  VMlDlHg'  -  *> 

Ring  / 

mmmmmM 

Observation? 
Froinl’30”to 
l’$0”  so  that 
intervention  + 

less  than  50 

100 

2 

50-59 

80 

2 

60  -  69 

70 

2 

70-79 

60 

2 

80-89 

50 

2 

90-99 

40 

2 

100-109 

30 

2 

110-119 

20 

2 

1 20  and  above 

none 

2 
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Table  3 


Controlled  Hemorrhage  Studies:  Sequence  of  timepoints  bolus  &  continuous  infusion  studies. 

The  variables  CrS02,  HepSC>2,  aortic  blood  flow,  arterial  blood  pressure,  right  atrial  pressure 
and  continuous  cardiac  output  were  recorded  continuously  using  a  PowerLab  Macintosh  AD 
system. 


Time  point 

Blobdsample ' : : ; 

Comment 

BL  1 

Beginning  of  baseline  period 

Arterial  blood  gas, 
oximetry,  Hct  and 
protein  analysis. 

Pulmonary  blood 
gas  and  oximetry 

thermodilution  CO 
for  comparison  with 
Aortic  blood  flow. 

In  vivo  cal  of  Sv02 

Check  zero  press. 

BL2 

End  of  baseline  period 

Arterial  blood  gas, 
oximetry,  Hct  and 
protein  analysis. 

-  ... 

Minutes-0 

HEM-0 

Start  of  hemorrhage 

The  aim  is  to 
hemorrhage  the 
animal  down  to  35- 
40  mmHg  MAP  in 

10  minutes 

Minutes- 10 
HEM-10 

Stop  of  hemorrhage 

Shock  period  starts 

Minutes-20 

HEM-20 

RES-0 

10  minutes  after  STO 

Start  treatment  protocol  per 
table  1  or  2. 

Blood  sample  just 
before  Hem20 

Arterial  blood  gas, 
oximetry,  Hct  and 
protein  analysis 

Minutes-50 

RES-30 

Blood  sample  just 
before  Res-30 

Arterial  blood  gas, 
oximetry,  Hct  and 
protein  analysis 

Minutes-80 

RES-60 

Last  treatment  intervention 

Blood  sample  just 
after  RES-60 

Arterial  blood  gas, 
oximetry,  Hct  and 
protein  analysis 
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Table  4 

Mes  for  arterial  systolic  blood  pressure  (SBP)  guided  fluid  resuscitation  and  rontin..»..g 
in&sions:  In  the  continuous  infusion  experiments,  the  maximum  infusion  rate  was  set  at  1  43 

Variabl6S  Were  l0WCSt-  ThiS  represents  a  max  i"fosion 
rate  of  100  mL/mrn  for  a  typical  70-kg  patient.  It  was  deemed  that  this  was  a  reasonable 

maximum  value  that  was  realistic  to  achieve,  and  was  in  keeping  with  the  recent  trend  of  less 

rrV;  rAateS‘  As,the  endp0mt  variab,e  imProved  and  approached  target  the  infusion 

rate  was  decreased.  At  target  levels  and  above,  the  infusion  rate  was  set  to  a  minimum  value  or 

the  pumps  lowest  setting.  The  following  table  was  calculated  for  35  kg.  sheep.  An  individual 

table  was  calculated  for  each  animal. 


Endpoints 

Liver  NIRS 

Brain  NIRS 

Target  SBP 

Infus.  rate 

Target  = 

50% 

48% 

120  mm  Hg 

mL/min 

Max  infusion  if 

0-42 

0-39 

50 

50.0 

80%  Max  if 

43-44 

40-41 

50-59 

40.0 

60%  Max  if 

45-46 

42-43 

60-79 

30.0 

30%  Max  if 

47-48 

44-45 

80-99 

15.0 

10%  Max  if 

48-49 

46-47 

100-119 

5.0 

Min  infusion 

50+ 

48+ 

120+ 

1.5 

Preparatory  surgery:  All  animals  were  instrumented  one  week  before  an  experiment  using 
general  halothane  anesthesia  and  aseptic  surgery.  Catheters  were  secured  in  the  right  and  left 
femoral  artery  and  veins  and  the  pulmonary  arteiy  via  the  jugular  vein  (Swan-Ganz  pulmonary 
artery  catheter).  The  Swan-Ganz  catheter  is  fitted  with  a  fiber-optic  port  for  continuous 

°Xygen  Saturati°n  in  the  Pu,monary  artery  using  an  Oximetrix  3 
System  (Abbott  Labs)  or  Baxter  Vigilance  system  which  also  provides  a  measure  of  continuous 
cardiac  output.  Unfortunately,  the  continuous  cardiac  output  did  not  have  the  response  time 
needed  So  it  was  necessary  to  also  place  a  16-20  mm  Transit  Time  Doppler  flow  probe  (SB  16- 
)  on  the  ascending  aorta  to  allow  continuous  real-time  monitoring  of  aortic  blood  flow  as  an 
index  of  cardiac  output.  Thermal  dilution  cardiac-output  can  be  measured  intermittently  with  the 
Swan-Ganz  catheter  for  definite  calibration. 

Measured  and  Calculated  Variables:  Variables  measured,  using  methods  described  in  our 
previous  publications,  (7-9)  included  arterial  pressure,  central  venous  pressure,  pulmonary 
arterial  pressure,  cardiac  output,  mixed  venous  oxygen  saturation,  standard  blood  gases  of  blood 
from  the  aorta  and  mixed  venous  (pulmonary  artery),  blood  hemoglobin,  and  hematocrit.  Blood 
ow  is  measured  by  a  Doppler  ultrasound  flow  probe  using  a  Transonic  Flow  Meter  Model 
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T206/8.  Total  intraperitoneal  blood  volume  was  directly  measured  after  euthanasia  in  the 
uncontrolled  hemorrhage  experiments  at  autopsy. 

Data  analysis  and  statistics:  Correlation  linear  regression  analysis  and  sensitivity  analyses  were 
performed  comparing  CrS02,  HepS02,  SBP  and  aortic  blood  flow  (cardiac  output).  These 
analyses  were  used  to  select  the  best  endpoint  and  target  for  resuscitation,  i.e.  for  titration  of 
fluid  therapy.  Analysis  were  performed  on  all  data  for  each  experiment  and  then  separated  into 
two  analyses  during  induction  of  shock  and  resuscitation.  There  provided  different  relationships 
between  CrS02  and  other  physiologic  variables  during  shock  and  resuscitation.  This  helped  us 
to  define  the  relative  invalidity  of  using  cerebral  oximetry  to  diagnose  shock  and  the  more  valid 
use  of  HepS02  and  SBP  to  titrate  fluid  therapy 

The  experimental  protocol  for  the  efficacy  studies  allow  repeated  measures  designed  with 
each  sheep  serving  as  its  own  control.  The  units  of  analysis  were  the  changes  from  pretreatment 
for  particular  treatments  (or  ‘time  points”);  both  within-group  and  be  tween-group  comparisons 
(treatments)  are  of  major  interest;  ANOVA  models  are  employed  to  analyze  the  data. 

Results  and  Discussion: 

Tissue  Oxygenation  using  Near  Infrared  Spectroscopy  fNIRS):  In  24  experiments  of 
controlled  hemorrhage  we  evaluated  CrS02  with  other  oxygen  endpoints  of  resuscitation, 

namely  HepS02  and  mixed  venous  Sv02.  Comparisons  with  aortic  blood  flow  were  used  as  an 
invasively  measured  'gold  standard'  of  cardiovascular  function. 

We  performed  a  series  of  controlled  hemorrhage  studies  in  which  we  used  either  brain 
oxygen  saturation  (CrS02),  n=6,  liver  oxygen  saturation  (HepS02),  n=6  or  systolic  blood 
pressure  (SBP),  n=6  as  the  target  variable  to  guide  fluid  therapy.  We  also  performed  six 
experiments  of  untreated  hemorrhage.  Hemorrhage  was  induced  by  rapid  bleeding  to  reduce 
mean  arterial  pressure  to  35-40  mmHg  in  10  minutes;  this  resulted  in  a  bled  volume  of  20-25 
mL/kg.  Infusions  were  delivered  as  intermittent  bolus  volume  delivery  every  5-min  with  NIRS 
targets  and  every  2-min  with  SBP  target  using  a  priori  designed  decision  table.  Representative 
experiment  shown  in  Figure  1 A  and  IB. 
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Arxeriai  pressure 

mmHq 


Figure  I A  is  data  from  an  experiment  with  exemplar)  tracings  of  coniinuoiish 
recorded  variables.  Figure  1 A  shows  the  arterial  pressure  and  CrS(  >2  and 
HepS02,  while  Figure  IB  shows  the  same  arterial  pressure  tracine  plotted  u  ith 
mixed  venous  oxygen  saturation  and  aortic  blood  How.  In  this  experiment  1 
CrS02  guided  fluid  therapy  per  the  rules  in  Table  I  ‘ 
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Cr^Q^Jias  not  proved  to  be  as  reliable  an  index  of  cardiovascular  function  as  we  had  hoped  for. 
We  base  this  conclusion  on  several  comparisons. 

Inability  to  reach  target:  A  CrS02  less  than  50%  used  to  represent  borderline  cerebral 

hypoxia  (10-14).  CrS02  =  50%  was  our  initial  target  value,  indicating  a  minimum  cardiovascular 
function  that  was  sufficient  to  provide  vital  organ  blood  flow.  However,  we  found  that 
sometimes  baseline  levels  were  below  50%  (3  out  of  24  experiments)  and  in  15  out  of  1 8 

resuscitation  experiments  CrS02  did  not  reach  target  levels.  In  some  experiments  CrS02  barely 

fell,  presumably  because  of  cerebral  autoregulation.  On  the  other  hand,  HepS02  always  started 
above  50%  and  this  target  was  achieved  in  16  out  of  18  resuscitation  experiments. 

Sjgnal  Quality  and  Failure:  A  subjective  comparison  of  the  signals  for  CrS02  and  HepS02 
usually  provided  comparable  data  showing  declines  with  hemorrhage  and  improvement  with 
resuscitation,  Fig  1 .  However,  paired  comparison  of  CrS02  and  HepS02  tracings  showed  that 

CrS02  could  exhibit  rapid  variability  and  a  comparatively  noisier  signal  than  the  HepS02  signal. 
There  were  some  outright  failures  in  which  several  instantaneous  and  large  increases  or 
decreases  to  supranormal  or  subshock  levels  were  recorded  with  NIRS  and  mixed  venous 

oximetry.  Outright  failures  were  recorded  in  3  out  of  24  studies  for  CrS02,  but  in  only  1  out  of 
24  studies  for  HepS02.  However,  both  CrS02  and  HepS02  were  more  stable  than  the  mixed 
venous  S02  measured  with  an  indwelling  pulmonary  artery  co-oximetric  catheter.  There  were  9 

out  of  24  outright  failures  with  Sv02  monitoring.  This  may  reflect  that  the  pulmonary  artery 
catheter  moved  into  a  wedge  position  or  the  sensor  can  be  pushed  next  to  the  vessel  wall  during 
low  flow  states  or  with  increased  respiratory  efforts. 

Ability  to  distinguish  between  fluid  therapy  and  non-treatment;  Tn  peroral  mmv. 
discrimination  was  exhibited  with  all  other  variables  than  with  cerebral  oxygenation.  This  may 
reflect  better  cerebral  autoregulation.  Figures  2-7  show  the  mean  responses  of  all  target 

variables,  as  well  as  aortic  blood  flow  and  mixed  venous  Sv02  for  each  of  the  three  resuscitated 
groups  and  the  one  untreated  group.  Treatment  was  started  at  20  minute  after  starting  the 

hemorrhage  as  guided  by  oxygenation  of  the  brain,  liver,  or  systolic  blood  pressure;  one  group 
was  untreated. 
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mmHg 


Figure  2  -  Systolic  blood  pressure  rapidly  declined  to  55  to  65  mmHg  with  hemorrhage  adjusted  to 
reduce  mean  arterial  pressure  to  35-40  mmHg.  SBP  increased  more  rapidly  with  treatment  than  without, 
but  SBP  demonstrated  slow  spontaneous  recovery  even  without  fluid  therapy,  most  likely  due  to 

compensatory  mechanisms  such  as  transcapillary  refill.  The  group  using  brain  oxygenation  as  endpoint 
received  the  greatest  volume  of  fluid,  Fig  9. 
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Figure  3  -  Aortic  blood  flow  declined  to  about  30%  of  baseline  levels  and  then  recovered  more  quickly 
with  resuscitation  than  without.  There  was  a  trend  for  the  treated  animals  to  improve  more  quickly,  but 
the  data  was  not  as  clear  as  with  systolic  blood  pressure.  At  the  end  of  the  experiment,  after  60  minutes 
of  treatment  aortic  blood  flow  was  similar  for  all  four  groups. 
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Figure  4  -  Cerebral  regional  oxygen  saturation  CrS02  as  measured  with  an  INVOSS  4100  declined  from 
normal  level  of  50  to  60%  to  about  35%.  Slow  improvement  was  observed  by  all  groups  with  little 
difference  between  treatment  and  non-treatment  or  between  endpoint  variable  used.  These  data  suggest 
that  cerebral  oximetry  will  not  provide  a  robust  endpoint  by  which  to  guide  and  adjust  infusion  rate. 
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Figure  5  -  Hepatic  regional  oxygen  saturation  HepS02  as  measured  with  an  INVOSS  4100  rapidly 
declined  from  baseline  levels  of  60  to  65%  to  about  40%.  As  opposed  to  CrS02  all  groups  of  treated 
animals  improved  more  rapidly  than  did  untreated  animals. 
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Figure  6  -  Mixed  venous  Sv02  declined  with  hemorrhage  and  appeared  to  exhibit  more  variability  than 
either  of  the  NIRS  measures  of  tissue  oxygenation.  There  was  a  trend  for  more  improvement  with  the 
treatment. 
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Figure  7  -  Cumulative  volume  needed  to  resuscitate  using  large  volume  infusions  and  target  endpoints  of 

CrS02  and  HepS02  of  50%  (Table  1)  as  compared  to  small  volume  bolus  infusions  using  SBP  of  1 20 

mmHg  as  endpoint.  Large  volume  therapy  guided  by  CrS02  or  HepS02  or  small  volume  therapy  guided 

by  SBP  was  based  on  algorithms  shown  in  Tables  1  and  2.  Each  group  had  six  animals.  HepSCL  and 

SBP  targets  were  reached  in  the  majority  of  experiments  while  CrS02  target  was  reached  in  just  one  out 
of  six  experiments. 
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Correlation  and  Regression  Analysis:  We  performed  correlation  and  regression  analysis  of 
target  variables  versus  each  other  and  versus  aortic  blood  flow  as  a  more  functional  index  of 
cardiovascular  performance  and  the  success  of  resuscitation.  Correlation  coefficients  were 
calculated  twice  for  each  individual  experiment,  once  during  induction  of  hemorrhage  at  2  min 
intervals  and  also  during  resuscitation  at  10  min  intervals.  In  nearly  all  experiments  correlation 
coefficients  were  higher  for  hemorrhage  than  during  resuscitation.  However,  the  resuscitation 
correlation  coefficients  are  the  only  ones  that  have  relevance  for  guiding  fluid  therapy  as  baseline 
or  preinjury  levels  would  not  be  available  in  a  clinical  setting. 

We  present  a  summary  of  the  mean  z  squared  regression  of  four  variables  versus  aortic  blood 
flow  during  resuscitation  in  the  following  table.  In  the  untreated  group  this  represents  regression 

correlation’s  during  slow  spontaneous  recovery.  We  found  that  both  CrSC>2  and  HepS02  had 

higher  levels  of  mean  correlation  with  aortic  blood  flow  (A/BF)  than  found  with  SvC>2  in  7  out  of 
the  8  comparisons  of  mean  values.  This  may  reflect  greater  reliability  of  the  non-invasive  NIRS 
monitoring  compared  to  an  indwelling  catheter.  HepSC>2  was  higher  than  CrSC>2  in  3  out  of  4 
mean  comparisons  and  14  out  of  23  individual  experiment  comparisons.  The  highest  correlation 
was  often  found  with  systolic  blood  pressure  versus  aortic  blood  flow. 

Table  5 

Correlation  and  regression  (r  squared)  of  variables  versus  aortic  blood  flow 
Highest  correlation  within  each  group  is  bolded. 


Endpoint  Groups,  n  =  6  each 


variable 

Brain 

Liver 

SBP 

untreated 

CrS02  vs  A/BF 

0.717  ±0.05 

0.730  ±0.12 

0.655  ±0.05 

0.443  ±0.15 

HepS02  vs  A/BF 

0.823  ±  0.04 

0.665  ±0.15 

0.755  ±  0.04 

0.487  ±  0.09 

Sv02  vs  A/BF 

0.692  ±0.13 

0.534  ±0.14 

0.577  ±0.13 

0.439  ±  0.05 

SBP  vs  A/BF 

0.759  ±  0.08 

0.802  ±  0.09 

0.745  ±  0.08 

0.587  ±0.11 
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Table  6 


Response  Times:  We  calculated  the  time  from  the  initiation  of  hemorrhage  to  the  minimum 
value  for  each  variable  as  an  indication  of  response  time  in  24  experiments  of  controlled 
hemorrhage.  Data  shown  in  Table  6  suggests  that  systolic  blood  pressure  is  the  most  responsive 
variable,  with  NIR  Liver  oxygenation  following  by  about  5  minutes  and  NIRS  Brain  oxygenation 

following  by  8  minutes.  Mixed  venous  O2  and  aortic  blood  flow  had  intermediate  response 
times,  but  these  two  variables  can  only  be  measured  by  invasive  technology  at  the  present  time. 


Endpoint  Variable 

minutes  to  minimum,  mean  ±  sem 

Systolic  BP 

10.6  ±  0.7 

SvC>2 

13.9  ±  1.0 

Ao  BF 

12.6  ±  0.7 

NIRS  Liver 

16.0  ±  1.2 

NIRS  Brain 

18.4  ±  1.1 

Conclusions  Regarding  Target  Variables:  The  original  endpoint  variable  that  we  proposed  to 
use  in  the  design  of  our  Resuscitation  System  was  brain  oxygenation  as  measured  non-invasively 
by  near  infrared  spectroscopy  (NIRS).  We  previously  used  the  INVOS  3100  but  now  we  use  the 
newer  model  INVOS  4100  cerebral  oximeter  (Somanetics).  This  device  provides  a  non-invasive 
means  of  assessing  cerebral  oxygenation.  It  has  two  sensors  designed  to  provide  a  measure  of 
cerebral  oxygenation  in  the  two  cerebral  hemispheres.  However,  we  used  the  second  sensor  to 
measure  transcutaneous  liver  saturation.  We  believe  that  the  use  of  systolic  blood  pressure  or 
hepatic  oxygenation  measured  via  NIRS  is  superior  to  cerebral  oxygenation  for  use  as  a 
resuscitation  endpoint.  We  base  this  conclusion  on  1)  our  experience  and  subjective  evaluations 
of  the  signal  quality;  2)  higher  correlation  with  gold  standard  variables  such  as  aortic  blood  flow; 
3)  a  greater  ability  to  distinguish  between  animals  being  treated  versus  untreated  and  4)  a  more 

rapid  response  time.  We  continue  to  monitor  and  record  the  CrSC>2  signal,  but  focus  on  using 

HepSC>2  and  SBP  as  the  endpoints  to  guide  infusion.  Future  studies  on  this  project  will  focus  on 
using  these  two  endpoint  variables.  Our  original  target  levels  were  50%  for  both  brain  and 
hepatic  oxygenation  and  120  mmHg  for  systolic  blood  pressure.  We  have  amended  these  target 
values  to  be  47%  for  the  brain  and  100  mmHg  for  systolic  blood  pressure.  Hepatic  oxygenation 
of  50%  does  appear  to  indicate  adequate  cardiovascular  stabilization.  These  target  levels  are 
indicative  of  cardiovascular  stabilization,  albeit  at  a  level  of  subnormal  hemodynamics. 

Control  Algorithms:  A  table  of  infusion  rules  is  the  simplest  controller.  It  is  basically  a  set  of 
specific  infusion  rates  for  a  range  of  endpoint  variables.  Examples  ofa2x3,2x5  and  2x9 
dimensional  decision  tables  are  shown  in  Tables  1 , 2  and  4.  We  first  tested  out  this  concept  using 
both  large  and  small  bolus  infusions  with  different  endpoints.  We  are  in  the  process  of 
comparing  bolus  infusions  with  continuous  infusion. 
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Large  Bolus  vs  Small  Bolus  vs  Continuous  Infusion:  We  have  consistently  found  that 
algorithms  using  a  small  bolus  infusion  every  2  minutes  reaches  the  same  endpoints  with  less 
total  volume  than  do  the  algorithms  in  which  larger  volumes  are  administered  every  5  minutes. 

In  Figure  8  we  plot  the  volumes  required  to  reach  100  mmHg  in  three  different  groups  treated 
with  a  large  bolus  infusion  every  5  minutes  and  a  small  bolus  infusion  every  2  minutes.  This 
suggested  that  continuous  infusion  would  be  more  efficient  and  our  ongoing  testing  of  with  bolus 
vs  continuous  appears  to  validate  this  as  seen  in  Figure  9. 
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Figure  8  -  Mean  cumulative  volume  required  to  resuscitate  hemorrhaged  sheep  to  restore  systolic  blood 
pressure  to  100  mmHg.  Data  is  replotted  from  same  experiments  shown  in  Fig.  7.  All  resuscitated 
animals  had  systolic  blood  pressure  improve  to  lOOmmHg  or  better  in  40  minutes  or  less.  Large  volume 
therapy  guided  by  CrS02  or  HepS02  or  small  volume  therapy  guided  by  SBP  was  based  on  algorithms 
shown  in  Tables  1  and  2.  Each  group  had  6  animals.  We  speculate  that  rapid  bolus  infusion  may 
transiently  elevate  microcirculatory  pressures  and  leave  to  increases  in  fluid  filtration  and  volume  loss  to 
the  interstitium  and  via  increased  glomerular  filtration  in  the  kidneys.  Data  suggests  that  smaller  bolus  is 
more  efficient  and  can  be  volume  sparing 


Cumulate  Volumes  required 


80 


Figure  9  -  Comparison  of  volume  and  the  time  that  was  required  to  restore  blood  pressure  to  1 00  rnniHg 
using  either  continuous  infusion  from  the  three  most  recent  experiments  or  intermittent  bolus  infusions 
from  the  previously  completed  series.  Data  shown  suggests  that  a  continuous  infusion  algorithm  might 
be  more  volume  efficient  than  a  bolus  infusion  algorithm.  Our  most  recent  data  supports  this 
conclusion. 
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Endpoint  Variables.  Error  Signals  versus  Normalized  Endpoints:  The  ATLS  guidelines 
suggest  that  the  response  to  bolus  therapy  can  be  used  to  assess  cardiovascular  status.  Our  initial 
infusion  algorithms  are  to  set  infusion  rates  proportional  to  an  Error  Signal  or  a  target  endpoint 
value  minus  actual  endpoint  value.  Our  decision  tables  are  a  simplified  version  of  this.  We 
reasoned  that  the  response  to  infusion  would  be  proportional  to  the  infused  volume  and  that  the 
response  would  vary  based  on  the  level  of  hypovolemia.  We  plotted  change  in  endpoint  value 
versus  volume  infused,  e.g.  ASBP/infused  volume  and  normalized  change  in  endpoint  variable 

ASBP/SBIinitial  versus  the  level  of  shock.  We  also  analyzed  ASBP/SBIinjtial  per  infused  volume 
versus  level  of  shock,  data  not  shown.  Unfortunately,  no  patterns  were  apparent  with  the  level  of 
shock  or  with  early  or  late  resuscitation.  Responses  varied  greatly  and  no  pattern  suggesting 
useful  information  was  gained  from  the  response  to  relatively  small  bolus  infusions  or 
continuous  infusion  rates.  This  suggests  that  the  use  of  the  simple  straightforward  target  level  or 
its  Error  Signal  is  a  more  useful  input  to  guide  fluid  therapy  than  the  responses  to  the  infused 
volume. 

The  Experimental  Infuser  and  Controller:  Dr.  Don  Deyo  has  made  substantial  progress  on 
using  LabView  to  implement  the  monitoring,  infusion  algorithms  and  pump  controllers  required 
for  a  Resuscitation  System.  This  setup  will  be  used  experimentally  to  compare  different 
automated  closed-loop  endpoint  infusion  algorithms  to  develop  the  best  control  algorithm  and 
the  selection  of  the  optimal  target  endpoint  for  incorporation  in  the  design  of  a  future 
Resuscitation  System  prototype. 

There  are  three  major  hardware  components  of  the  experimental  infuser  and  three  major 
components  of  the  LabView  program  for  each  hardware  component.  The  infusion  pump  is  a 
commercial  digital  MasterFlex  rotary  infusion-pump.  Sterilization  of  the  rotary  tubing  provides 
a  aseptic  method  of  resuscitation.  The  physiological  monitors  are  the  INVOS  4100  oximeter 
used  to  measure  transcutaneous  hepatic  oxygen  saturation  or  a  bridge  amplifier  that  Dr.  Deyo 
built  that  can  be  used  with  commercial  clinical  blood  pressure  transducers.  An  analog  voltage 
input  from  the  transducer  amplifier  or  the  INVOSS  4100  is  connected  via  LabView  A-D  board  to 
a  Macintosh  computer  while  a  digital  out  signal  is  sent  to  the  MasterFlex  pump.  The  MasterFlex 
pump  controller,  the  endpoint  monitor  and  the  infusion  algorithm  are  all  programmed  in 
LabView.  The  input  endpoint  variable  is  compared  to  a  target  level  for  calculation  of  an  Error 
Signal,  (E(t)  =  target  minus  actual)  for  use  by  PID  control  or  fuzzy  control  algorithms. 
Alternately,  the  input  variable  is  compared  to  an  array  of  ranges  to  set  infusion  based  on  a  2  x  X 
decision  table  as  illustrated  in  Table  4. 

Figures  show  two  of  the  interface  user  control  panels  and  their  underlying  LabView 
schematics. 
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Figure  10  shows  the  front  panel  and  user  interface  for  monitoring  the  endpoint  variable  and 
setting  target  criteria.  In  the  example  CrS02  is  selected  and  the  target  has  been  set  at  50% 
with  changes  in  infusion  set  a  2%  increments  as  in  Table  4.  The  graph  display  shows 
CrS02  over  time,  while  the  sliding  scale  shows  the  most  recent  2-minute  mean  value  which 
is  used  to  calculate  a  new  infusion  rate  every  1  minute. 


Figure  12  shows  the  front  panel  and  user  interface  for  the  MasterFlex  rotor  pump  controller.  Lab 
view  translates  the  desired  infusion  rate  into  revolutions  per  minute  depending  on  the  tubing  size 
used  in  the  pump. 
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Proportional  Integral  Derivative  (PID)  controllers  measure  an  error  signal  (E)  for  a  specific  time 
(t)  which  is  the  difference  between  a  target  level  of  an  endpoint  variable  and  its  actual  level. 
Infusion  rate  is  set  as  a  function  of  three  constants  (A,  B  and  C). 

New  infusion  rate  =  A  x  E(t)  +  B  x  \  E(t)  dt  +  C  x  dE  /  dt 

For  SPB  and  a  target  of  100  mmHg,  based  on  our  bolus  studies  we  have  chosen  as  the  initial 
testing  A  =  1 .8,  B=  0  and  C  =  0.2.  Maximum  infusion  is  set  at  1 00  mL/min  per  70  kg  and  the 
minimum  is  set  at  3  mL/hr.  These  constants  will  be  tuned  as  needed. 

Table  5 

Fuzzy  logic  control  approaches  can  be  based  on  a  series  of  rules  or  questions  that  are  applied  to 
an  input  variable  and  the  function  that  is  to  be  controlled.  This  is  a  simple  schematic  of  a  fuzzy 
logic  controller  that  attempts  to  improve  and  maintain  an  endpoint  variable  at  and  above  its 
target  level.  The  simplest  set  of  rules  is  a  two  by  two  matrix. 


Target  variable  is 

Target  variable  is 

decreasing 

increasing 

Endpoint  is  >  or 

above  target  level 

-no  change- 

Decrease  infusion 

Endpoint  is  <  or 

below  target  level 

Increase  infusion 

-no  change- 
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Table  6 


A  more  complex  fuzzy  logic  controller  might  be  a  three-by-three  or  four-by-four  decision 
table.  We  believe  that  this  approach  will  provide  the  greatest  control  and  the  most  efficient 
means  of  infusion  therapy.  PID  controllers  and  Fuzzy  Logic  controllers  will  be  tested. 


Endpoint 

decreasing 

Endpoint 

decreasing 

Endpoint 

increasing 

Endpoint 

increasing 

>  10%  /min 

<  10%  /  min 

<  1 0%  /  min 

>  10%  /  min 

Endpoint  > 

than  target  level 

Increase 

infusion 

ir 

-no  change- 

Decrease 

infusion 

u 

Min  infusion 

.004 

mL/kg/min 

Endpoint  =  80-100% 

of  target  level 

Increase 

infusion 

n 

Increase 

infusion 

tr 

-no  change- 

Decrease 

infusion 

n 

Endpoint  =  60-79% 

of  target  level 

Increase 

infusion 

nn 

Increase 

infusion 

m 

Increase 

infusion 

n 

-no  change- 

Endpoint  <  60% 

of  target  level 

Max  infusion 

1.5 

mL/kg/min 

Increase 

infusion 

tnrtrrr 

Increase 

infusion 

trtrtr 

Increase 

infusion 

tr 

^few  Invention:  Dr.  Don  Deyo  has  designed  a  new  pressurized  infusion  pump  that  is  a  major 
improvement  and  significantly  different  design  and  concept  than  our  previously  prototyped 
pressurized  infuser.  The  following  is  the  non-enabling  background  and  description  of  this 
invention.  Under  separate  cover  we  will  send  a  detailed  confidential  invention  disclosure  by  the 
end  of  the  month  after  filing  with  UTMB  Technology  Management  Office.  Proprietary  details 

removed  from  the  report  are  replaced  with  ( - ).  The  invention  has  grown  out  of  the 

development  work  funded  by  the  NMTB  contract.  It  is  important  to  appreciate  that  this  invention 
is  the  pump  component  that  could  be  a  stand-alone  product  or  interfaced  as  part  of  the 
Resuscitation  System  we  are  developing.  The  experimental  infuser  and  controller  described  on 
Page  25  are  made  up  of  a  commercial  rotary  pump  and  do  not  include  this  new  invention.  That 
experimental  infuser  and  controller  are  for  experimental  use  only  and  to  test  and  develop  the 
infusion  algorithms  and  the  closed-loop  endpoint  resuscitation.  Eventually,  this  new  invention 

could  be  the  important  part  of  the  functionality  and  proprietary  protection  for  a  Resuscitation 
System. 

Need  for  New  Invention:  There  is  a  need  for  a  better  means  to  monitor  and  control 
intravenous  fluid  therapy  for  pre-hospital  treatments  in  the  field  and  during  ambulance  and 
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Lifeflight  transport.  This  is  particularly  true  when  dealing  with  life  threatening  hypovolemia  as 
occurs  after  traumatic  injury.  "Under  resuscitation"  of  hemorrhagic  shock  can  lead  to  ischemia, 
increased  morbidity  and  death.  "Over  resuscitation"  can  lead  to  increased  internal  bleeding  and 
excessive  edema  and  also  may  increase  morbidity.  A  special  need  is  for  corpsman  use  during 
combat  casualty  care.  Military  field  resuscitation  has  logistic  constraints  that  limit  the  weight 
and  'cube'  (volume)  of  equipment  and  fluid  that  are  available  for  treating  hemorrhagic  shock. 

Different  causes  of  traumatic  injury  may  dictate  different  fluid  infusion  regimens.  For 
example:  1)  Penetrating  injury  is  often  associated  with  significant  internal  hemorrhage  that  can 
be  aggravated  when  blood  pressure  is  rapidly  increased  with  aggressive  resuscitation.  2)  Blunt 
injury  is  believed  to  respond  well  to  aggressive  resuscitation  and  increased  bleeding  is  less  of  a 
concern.  3)  Traumatic  head  injury  weakens  the  brain's  ability  to  auto-regulate  blood  flow.  Even 
transient  hypotension  worsens  clinical  outcome  in  patients  with  head  injury  and  thus,  strict 
maintenance  of  normotension  is  a  critical  goal. 

Currently  fluid  is  dripped  in  from  plastic  intravenous  bags  and  infusions  sets.  Infusion  are 
sometime  facilitated  with  a  pressurized  device  or  other  means  to  squeeze  the  fluid  bag.  A 
thumbscrew  or  other  restriction  in  the  IV  line  controls  rate.  Adjustment  of  the  drip  rate  as 
viewed  in  a  drip  chamber  allows  the  rate  to  be  roughly  calculated,  set  and  adjusted  as  needed. 
Unfortunately,  paramedics  and  corpsman  have  many  tasks  to  perform  and  fluid  therapy  is  not 
tightly  controlled.  This  is  due  to  lack  of  an  easy  means  to  monitor  fluid  infusion  rate  and  the 
lack  of  any  standardized  protocols  that  adjusts  fluid  therapy  based  on  a  patient  specific  response. 
Although  drip  rate  may  be  manually  adjusted  this  is  often  difficult  to  perform  in  a  timely  fashion 
in  the  field  on  during  emergency  transport. 

There  are  small  portable  intravenous  pumps  available,  but  these  are  expensive  complex 
devices  that  require  significant  electrical  energy  and  battery  power  to  move  fluid  rapidly.  An 
improvement  would  be  a  simple,  lightweight,  small,  low  cost  and  more  energy  efficient  pump. 

One  possible  improvement  is  a  pressurized  canister  that  holds  a  fluid  bag  as  described  in  US 
patent  #5,938,636.  In  this  set-up  changes  in  canister  pressure  and  modifications  of  the  ideal  gas 
laws  are  used  to  calculate  the  change  in  volume  and  infusion  rate.  However,  as  described  in 
patent  #  #5,938,636,  this  device  would  require  a  specially  made  pressure  container.  A  significant 
improvement  would  be  to  design  a  system  that  could  use - components. - . 

The  present  invention  satisfies  these  requirements  and  is  lighter,  less  expensive  to 
manufacture  and  simpler  in  design  than  the  previously  described  designs. 

Invention  Description:  A  device  to  turn  an  ordinary  IV  bag, - and -  into  a 

microprocessor  controlled  infusion  pump.  The  invention  has  the  following  components: 


This  new  pump  could  be  interfaced  with  a  physiological  monitor  of  an  important  variable 
used  to  help  diagnosis  shock  and  guide  fluid  therapy.  Closed-loop  infusion  algorithms  would 
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use  the  variables  to  automatically  titrate  fluid  therapy  as  appropriate  for  the  physiological 
response  of  the  patient.  When  the  Pump  is  combined  with  the  monitor  and  closed-loop  control 
algorithms  the  product  is  a  Resuscitation  System  that  would  precisely  titrate  fluid  therapy  to 
specific  patient  needs.  A  Resuscitation  System  such  as  this  would  optimize  prehospital  care  in  a 
manner  that  is  timely  effective  and  volume  efficient.  Such  a  Resuscitation  System  could  be 
interfaced  with  telemedicine  transmission  for  use  on  airplanes,  boats  or  in  the  far  forward  combat 
field  or  rural  field  applications  or  other  remote  locations. 

Future  Plans  and  Schedule 

Amended  Plans  and  Timetable:  We  have  had  delays  in  work  efforts  and  expenditures  for 
several  reasons.  Animal  exoeriments  started  late  due  to  our  protocol  approval  from  DOD  coming 
after  our  contract  -started"."  We  have  had  to  change  our  endpoint  variable  due  to  the 
ineffectiveness  of  using  the  CrS02  signal.  Fortunately  our  experiments  have  established  the 
effectiveness  of  Hepatic  SO2  and  SBP.  The  design  and  testing  of  the  controller  has  taken  longer 
than  expected.  We  previously  built  a  PC  based  controller  using  Visual  Basic,  but  it  had  to  be 
abandoned  due  to  the  communication  problems  with  the  original  pump  we  were  using.  Good 
progress  has  been  made  using  the  LabView  software  on  a  Macintosh  computer,  but  its 
development  has  taken  longer  than  originally  planned  for.  Because  of  the  delays.  Dr.  Ying's 
input  on  the  fuzzy  logic  control  was  also  delayed.  We  have  had  several  planning  sessions  with 
him  and  have  designed  the  initial  rules  of  the  fuzzy  logic  controller,  Eig  S-^. 

0Hr  expenditures  have  also  been  less  due  to  the  delays,  therefore,  we  request  a  six  month  no 
cost  extension  to  finish  the  project.  All  personnel  remain  the  same.Ur.  Hao  Ying  recently 
accepted"  a  new  position  as  an  Associate  Professor,  Department  of  Electrical  and  Computer 
Engineering  at  Wayne  State  University,  Detroit,  Michigan.  His  effort  will  be  compensated  per 
our  NMTB  budget,  per  the  requirements  that  Wayne  State  University  and  UTMB  have.  He  will 
work  on  designing  the  PID  controller  and  Fuzzy  Logic  controller.  We  have  had  several  meetings 
in  order  that  the  collaborations  and  work  can  be  done  remotely.  Dr.  Deyo  and  Dr.  Ying  have 
arranged  to  develop  the  fuzzy  controller  and  PID  controller  for  the  LabView  program  using  the 
remote  access  internet  module  as  provided  by  LabView's  software  (Enterprise  Network 
Connectivity™).  This  software  enables  Dr.  Ying  too  remotely  and  in  real-time  develop,  execute 
and  modify  the  PID  and  fuzzy  control  programs  on  a  computer  here  at  UTMB  from  his  PC  at 
Wayne  State  University  via  a  high  speed  internet  connection.  This  has  the  added  advantage  that 
it  may  help  our  final  prototype  to  be  telemedicine  ready  for  internet  monitoring  and  control.  We 
have  rearranged  this  Phase  I  work  schedule  on  an  18-month  timetable. 

Table  7-  Time  Table 


Task 

Month  #  1-18 

Sheep 

Algorithm  Design  &  Interfacing 

1-8 

0 

HepS02/SBP 

Endpoint  Testing  and  Algorithm  Testing 

1-6 

6  sheep 

LabView  Controller  built 

1-7 
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PID  &  Fuzzy  Controller  Development/ 

Final  Algorithm  selection 

7-14  months 

12  sheep 

Efficacy  Testing  of  LabView  Infuser  & 

Best  Algorithm 

13-16  months 

— 

24  sheep 

Build  Prototype  Resuscitation  Pump/System- 

new  Deyo  invention 

15-18 

Experimental  Failures 

3-18 

5  sheep 

Data  analysis,  Report  &  Phase  2  preparation 

17-18 

Total:  18  months  47  sheep 


CONCLUSIONS 

We  continue  to  perform  the  key  development  work  towards  the  goal  of  producing  a  prototype 
Resuscitation  System.  Results  at  this  six-month  mark  include  1)  Finding  that  the  endpoints 

HepS02  and  SBP  are  more  robust  than  CrS02.  2)  Simulated  closed-loop  algorithms  successfully 
restored  physiological  endpoints  to  their  target  levels.  3)  A  small  bolus  and  continuous  infusion' 
algorithms  can  be  volume  sparing  and  will  be  used  in  future  algorithms.  4)  Dr.  Deyo  has 
submitted  a  new  invention  disclosure  to  the  UTMB  Technology  Management  Office  on  the 
improved  auto-infuser  that  will  be  prototyped. 

Goals  remaining  to  be  accomplished  are  1)  Compare  fuzzy  logic  control  with  PID  control  with 
decision  tables  and  select  best  algorithm.  2)  Test  efficiency  of  ‘best’  algorithm  with  standard  of 
care  as  described  in  original  plan.  3)  Build  prototype  of  the  new  pressurized  infuser. 
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DESCRIPTION: 

The  goal  of  the  project  is  to  demonstrate  that  digital  sensors  of  X-rays,  based  on  a  new 
breakthrough,  thin  film,  photoconductive  material,  lead  iodide,  will  offer  improved  performance  over 
current  X-ray  detector  technology  for  digital  mammography  used  in  diagnostic  and  interventional 
procedures.  This  will  be  achieved  by  combining  the  large  area,  thin  film,  lead  iodide  photoconductor 
technology  with  the  large-scale  electronics-on-glass  technology  of  amorphous  silicon  thin-film- 
transistor  (TFT)  arrays.  The  latter  are  used  in  laptop  computers  to  control  liquid  crystal  light  valve 
arrays  for  displays. 

The  team  will  replace  the  liquid  crystal  with  a  lead  iodide  film  that  directly  absorb  X-rays  and 
convert  them  into  electric  charge.  The  TFTs  will  switch  this  detected  charge  into  integrated  circuit  (IC) 
electronic  processors  where  the  information  will  be  digitized  and  formatted  into  high  resolution  X-ray 
images.  Using  vidicon  test  structures  Radiation  Monitoring  Devices  (RMD)  has  demonstrated  that  lead 
iodide  has  over  5  times  better  contrast  resolution  (than  X-ray  film/screen)  at  the  high  spatial  resolution 
required  for  mammography  [Shah  97].  RMD  has  further  demonstrated  that  X-ray  images  can  be 
produced  on  a  test  detector  composed  of  an  evaporated  lead  iodide  film  formed  on  a  5  cm  x  5  cm  glass 
sheet  on  which  an  array  of  200  pm  wide  pixels  of  amorphous  silicon  TFTs  [Street  98]. 

Varian  will  specify  and  provide  RMD  with  glass  substrates  (fabricated  by  OIS)  that  are  large 
enough  for  meaningful  mammography  imaging.  These  will  be  approximately  10  cm  x  10  cm  arrays  of 
amorphous  silicon  TFTs  contained  in  pixels,  <  140  pm  wide,  on  the  glass.  This  is  an  enabling  step 
toward  the  50pm  pixels  and  10  lp/mm  resolution  and  the  20  cm  by  25  cm  sensors  areas  ultimately 
needed  for  full-breast  mammography.  The  latter  should  be  straight  forward  scaling  with  the  lead  iodide 
and  glass  substrate  TFTs  although  the  IC  interconnection  engineering  and  other  aspects  will  be  quite 
challenging.  After  RMD  evaporates  lead  iodide  films  onto  these  substrates,  Varian  will  further 
integrate  these  glass  plates  with  IC  processors  with  speeds  sufficient  for  near  real  time  (video)  imaging. 

Varian  is  one  of  the  world’s  leading  suppliers  of  glass  X-ray  sensor  arrays  where  a  scintillator 
cover  layer  converts  X-rays  into  visible  light.  Underlying  amorphous  silicon  arrays  of  photodiodes 
converts  this  light  into  charge  that  is  switched  by  amorphous  silicon  TFTs.  At  50  pm  pixel  sizes,  there 
is  insufficient  room  for  both  the  photodiodes  and  the  TFTs.  Lead  iodide  circumvents  this  problem  by 
being  formed  on  top  of  the  TFTs. 

Martin  Yaffe  is  one  of  the  world’s  leading  experts  in  digital  mammography.  Dr.  Yaffe  will 
compare  the  second  generation  sensors  of  this  program  with  the  first  generation  ones  in  his  labs  based 
on  CCDs  and  amorphous  silicon  photodiodes.  The  latter  are  too  small  and/or  too  expensive  and/or  too 
complex  for  widespread  use.  In  the  second  year,  Dr.  Yaffe  will  explore  the  unique  advantages  of  the 
second  generation  sensor  for  near  real  time  imaging  in  clinical  tests.  This  should  provide  improved 
guidance  for  stereotactic  core  needle  biopsies  and  allow  contrast  angiography  of  suspicious  breast 
abnormalities.  Dr.  Yaffe  will  also  provide  overall  project  direction.  The  biomedical  significance  is  that 
“digital  mammography  is  the  most  promising  technology  toward  improved  control  of  breast  cancer  in 
large  scale  screening  programs”  according  to  the  US  Office  of  Women’s  Health  [Shtem  96].  Lead 
iodide  should  make  wide  spread  digital  mammography  practical.  Over  40,000  US  women  will  die  this 
year  of  breast  cancer.  This  equals  or  exceeds  the  US  death  rates  due  to  either  AIDS  or  prostate  cancer. 

PROJECT  SITE(s)  (Organization,  City,  State):  Consortium/Contract  Arrangement 

Optical  Imaging  Systems  (OIS),  Northville,  Michigan 

Radiation  Monitoring  Devices  (RMD),  Watertown,  Massachusetts 

Sunny  brook  Health  Science  Centre,  Toronto,  Ontario,  Canada 
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DIGITAL  MAMMOGRAPHY  USING  PHOTOCONDUCTOR  (VATP-2747) 


INTRODUCTION 

Digital  radiographic  imaging  offers  the  potential  to  provide  improvements  in  the 
diagnostic  quality  of  images  as  well  as  to  enable  new  applications  that  can  offer  valuable 
information  for  detection,  diagnosis  and  treatment  of  disease  or  allow  remote  image 
interpretation  (telemedicine).  This  is  particularly  true  in  breast  imaging,  where  digital 
mammography  systems  have  recently  been  introduced  by  four  manufacturers.  In 
preliminary  clinical  testing,  these  first  generation  systems  have  already  begun  to  show 
some  advantages  associated  with  accuracy  of  breast  cancer  detection.  These  advantages 
arise  from  the  wide  dynamic  range  and  good  signal-to-noise  characteristics  of  the  x-ray 
detectors  and  from  the  ability  to  apply  computer  contrast  enhancement  in  their  display. 

Despite  these  promising  results,  we  have  identified  several  limitations  associated  with  the 
first  generation  detector  technology  which  is  based  on  the  use  of  phosphors  to  absorb  x 
rays  and  convert  their  energy  to  light.  These  detectors  require  three  components:  the 
phosphor,  an  optical  detector  in  which  the  light  is  converted  to  electronic  charge  and 
some  means  of  coupling  the  two.  Some  loss  of  spatial  resolution  occurs  due  to  spreading 
of  light  in  the  phosphor  or  in  the  coupling  material  and  there  are  inefficiencies  at  each 
stage  of  energy  conversion.  As  the  thickness  of  a  phosphor  is  increased  to  improve  the 
efficiency  of  x-ray  absorption  by  the  detector,  the  importance  of  the  blurring  phenomena 
generally  increases.  In  addition,  because  of  the  multiple  stages  of  energy  conversion  and 
collection  in  a  phosphor-  based  detector,  there  are  additional  noise  sources.  Together, 
these  give  rise  to  a  reduction  in  the  signal-to-noise  ratio  (SNR).  Alternatively,  this  can  be 
described  as  a  reduction  in  the  detective  quantum  efficiency  (DQE)  of  the  detector. 

In  this-  project,  we  are  investigating  and  developing  high  resolution  x-ray  detectors  which 
are  based  on  a  new  detector  material,  lead  iodide  (PbU),  for  use  in  digital  mammography 
and  other  demanding  applications  in  radiographic  imaging.  PW2  is  a  direct  conversion 
detector;  energy  of  the  absorbed  x-rays  is  converted  directly  to  charge.  The  electronic 
signal  produced  can  be  collected  by  placing  an  electric  field  across  the  detector. 

In  our  work,  the  PbU  will  be  deposited  on  a  two-dimensional  active  matrix  readout 
consisting  of  an  array  of  detector  electrodes  (dels)  formed  on  an  amorphous  silicon 
substrate.  Because  the  signal  is  collected  electrically,  the  lateral  spread  of  charge  that 
would  give  rise  to  blur,  can  be  controlled  by  electrode  design  and  biasing.  This  allows 
extremely  high  spatial  resolution  to  be  achieved  with  a  detector  that  is  as  thick  as  is 
required  to  absorb  x  rays  efficiently.  Thus  the  system  should  provide  excellent 
performance  both  at  low  energies  such  as  those  used  in  mammography  and  at  the  higher 
energies  as  used  in  general  digital  radiography.  These  factors  and  the  reduction  of  noise 
because  of  the  direct  conversion  process  will  lead  to  increased  DQE  of  the  detector.  The 
resulting  higher  SNR  should  contribute  to  increased  diagnostic  accuracy  and/or  possible 
reduction  of  radiation  dose. 

OBJECTIVES  (Year  1) 

•  to  optimize  the  performance  of  PbU  layers 

•  to  test  the  basic  imaging  properties  of  the  Pbl2  material 
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•  to  demonstrate  the  feasibility  of  producing  the  Pbl2  /active  matrix  detector  system 

•  to  characterize  the  imaging  performance  of  a  prototype  detector 

•  to  consider  the  suitability  of  this  detector  for  use  in  a  quantitative  breast  digital 
angiography  system. 

RESEARCH 

Since  the  onset  of  funding,  the  group  has  had  one  formal  planning  meeting  during  the 
SPIE  medical  Imaging  Conference  in  San  Diego  and  one  informal  meeting  in 
Washington.  The  design  specifications  of  the  detector  have  been  reviewed  at  these 
meetings  and  during  frequent  communications  that  have  been  conducted  via  conference 
call  and  e-mail.  Data  on  performance  of  test  structures  and  devices  have  been  shared 
between  Varian,  RMD  and  Sunnybrook  via  e-mail. 

The  table  below  indicates  our  original  work  plan.  The  solid  bars  show  the  degree  to 
which  the  tasks  have  been  completed.  At  present,  we  are  slightly  ahead  of  our  planned 
schedule  in  that  x-ray  images  have  been  made  of  a  test  coating  on  a  10  x  10  cm  panel. 
This  activity  has  allowed  us  to  identify  several  technical  challenges  that  we  will  address 
in  the  3rd  and  4th  quarters  of  the  initial  funded  year. 


Milestone 

Task 

Year  1 

Year  2 

Sunnybrook  Program  quarter  - 

n 

a 

a 

El 

El 

Bl 

a 

m 

1 
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ss 

U 

y 

2 

Critique  Gen.  2  sensor  specs  vs  Gen.  1 

ps 

— 

3 

Evaluate  prototype  properties 

m 

in 

—4 

— i 

► 

4 

Clinical  tests  -  1st  prototype 

Isi 

l§®|| 

* 

5 

Clinical  tests  -  2nd  prototype 

in 

—4 

Hi 
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Radiation  Monitoring  Devices 

Hi 

6 

Develop  10  cm  x  10  cm  Pbl2  coating  process 

fS 

7 

Characterize  Pbl2  on  plates 

■ 

— 

—4 

8 

Deliver  a-Si  arrays  coated  with  Pbl2 

9 

Optimize  Pbl2  coating  process 

s 

n 

— 

— i 

► 

10 

Assist  with  problems  identified  in  clinical  tests 

nn 

IIP 

Varian 

iH 

11 

Procure  10  cm  x  10  cm  a-Si  plates 

IpSKSEa 

hHHNN 

nu 

► 

12 

Integrate  Pbl2  coated  plates  with  ICs 

mm 

13 

Obtain  x-ray  images  with  sensor  prototype 

jsm 

§5133 

^4 

► 

14 

Assist  with  problems  identified  in  clinical  tests 

— 

— 

— 

— 4 

♦ - ♦ 

Indicates  predicted  duration  of  task  Indicates  degree  of  completion  of  task 


RMD  -  Pbl2  development 

During  the  course  of  this  project,  RMD  has  been  investigating  approaches  to  improve 
properties  of  lead  iodide  films,  specifically,  their  dark  current  and  sensitivity.  We  have 
recently  observed  that  by  optimizing  the  substrate  temperature  used  during  evaporation, 
and  thereby  the  grain  size  of  the  lead  iodide  layers,  the  electrical  properties  can  be 
enhanced.  We  have  grown  over  25  films  over  the  course  of  the  project  with  film 
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thickness  in  30-100  jim  range.  Figures  1  and  2  show  x-ray  induced  signal  (70  kVp 
exposure)  and  dark  current  properties  of  a  recent  PW2  film  (about  50  fim  thick).  Both  the 
sensitivity  and  dark  current  properties  are  superior  to  the  results  obtained  with  earlier 
films. 

Issues  to  be  addressed  in  Quarters  3  and  4: 

Compatibility  of  the  new  evaporation  process  with  amorphous  silicon  technology.  We 
will  test  evaporations  onto  readout  arrays  within  the  next  month.  Figures  1  and  2  show  a 
different  level  of  sensitivity  of  the  detectors  depending  on  whether  the  applied  bias  is 
positive  or  negative.  The  results  for  negative  bias  are  consistent  with  theory,  whereas  the 
positively  biased  detector  exhibits  increased  dark  current  and  sensitivity.  We  believe  that 
this  is  due  to  a  phenomenon  known  as  “photoconductive  gain”.  While  increased 
sensitivity  is  sometimes  desirable,  the  high  dark  current  is  believed  to  be  caused  by 
charge  injection  from  the  biasing  electrode  and  would  result  in  increased  noise  in  an 
imaging  system.  We  are  in  the  process  of  investigating  this  effect  and  have  already  begun 
developing  an  effective  blocking  layer  to  eliminate  charge  injection. 

VARIAN 

Varian  has  obtained  amorphous  silicon  readout  plates  (10  cm  x  10  cm)  and  are 
developing  the  readout  electronics.  A  test  deposition  of  PW2  has  been  performed  at  RMD 
and  preliminary  images  have  been  produced  as  shown  in  Figure  3.  Image  quality  is 
encouraging,  in  spite  of  some  artifacts  due  to  the  readout  ASICS. 

Varian  will  continue  the  development  of  the  image  readout  system  and  plans  to  deliver  a 
“rough”  version  of  the  system  to  Dr.  Yaffe’s  lab  in  8/00  for  testing.  Dr.  Yaffe’s  group 
will  then  test  the  detector  by  performing  standard  image  quality  measurements  on  it 
including  MTF,  noise  power  analysis,  DQE,  as  well  as  testing  dynamic  range,  linearity, 
uniformity  and  freedom  from  artifacts,  as  appropriate.  As  available,  imporoved  versions 
will  also  be  provided  to  Dr.  Yaffe. 

After  Dr.  Yaffe  has  characterized  the  performance  of  the  system(s)  and  performed  images 
on  anthropomorphic  breast  phantoms  and  contrast  uptake  phantoms,  the  team  will 
determine  whether  the  imaging  system  is  ready  to  proceed  to  patient  studies.  Dr.  Yaffe  is 
already  conducting  a  protocol  where  digital  mammography  (first  generation  system)  is 
used  for  iodine  contrast  uptake  studies  in  the  breast  where  differential  uptake  has  been 
seen  in  several  lesions.  The  potential  improvement  in  signal-to-noise  ratio  of  the  Pbl2 
detector  is  attractive  as  a  way  to  improve  the  sensitivity  of  this  procedure. 

CONCLUSIONS 

The  results  acquired  thus  far  are  encouraging  and  we  have  a  clear  idea  of  how  to 
overcome  the  problems  that  have  been  observed,  (i.e.  photoconductive  gain,  readout 
artifacts).  Based  on  these  results,  we  remain  convinced  that  this  detector  system  can  offer 
significantly  improved  performance  in  imaging  and  dose  efficiency  as  compared  to  first 
generation  phosphor-based  radiological  imaging  systems. 
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Figure  1.  X-ray  signal  measured  with  Pbl2  film  for  both  positive  and  negative  bias  on  top 
Pd  contact. 


Figure  2.  Dark  current  for  Pbl2  film  for  positive  and  negative  bias  polarities.  The  dark 
current  is  scaled  for  a  100  (im  pixel 
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Figure  3.  First  preliminary  X-ray  image  obtained  at  Varian  from  a  10  x  10  cm  array 
coated  with  Pbl2  by  RMD. 
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The  overall  goal  of  this  project  is  to  further  the  development  of  two 
ophthalmic  instruments  that  improve  the  quality  and  availability  of  medical 
care.  One  instrument,  in  a  brief  test  of  eye  movements  and  pupil  responses, 
generates  measures  to  be  used  for  detection,  diagnosis  and  treatment 
monitoring  of  a  wide  range  of  pathologies  that  affect  the  central  nervous 
system  or  neuromuscular  junctions.  The  instrument  can  be  used  by 
unskilled  personnel  after  only  a  brief  training  period,  and  the  results  are  in 
digital  form  for  easy  telecommunication.  The  proposed  work  on  this 
instrument  invol  ves  the  use  of  existing  prototypes  to  collect  data  on  normal 
patients  and  those  with  a  variety  of  pathologies. 

The  second  instrument  automates  the  capture  of  images  of  the  ocular  fundus. 
It,  too,  can  be  operated  by  unskilled  personnel  after  only  minimal  training. 
The  images  are  in  digital  form  for  easy  telecommunication.  At  present,  a 
"proof  of  concept"  prototype  is  in  operation.  The  proposed  work  would 
carry  the  development  to  the  pre-production  stage. 
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INTRODUCTION 

The  overall  objective  of  this  project  is  to  further  the  development  of  two  ophthalmic  instruments  that  improve 
the  quality  and  availability  of  medical  care.  The  first  system,  the  Fundus  Autoimager™,  automatically  captures 
color,  digitized,  stereo  images  of  the  ocular  fundus.  Operating  features  include  auto-alignment,  auto-focus  that 
allow  for  operation  by  technician-level  personnel;  imaging  is  achieved  rapidly  using  infrared  illumination, 
rather  than  intense  flashes  of  white  light  and  therefore  eliminates  the  patient  discomfort  that  is  associated  with 
some  of  the  present  fundus  cameras.  The  second  system,  the  VisPath  Analyzer™,  generates  measures  to  be  used 
for  detection,  diagnosis  and  treatment  monitoring  of  a  wide  range  of  medical  conditions  that  affect  the  visual 
pathways,  central  nervous  system  or  neuromuscular  junctions.  The  tests  can  be  performed  rapidly  by  technician 
level  personnel.  The  output  of  both  these  systems  is  in  digital  form  and  can  easily  be  used  in  telemedicine 
applications. 

BODY 

Visual  Pathways,  Inc.  moved  into  office  and  laboratory  facilities  in  Prescott,  Arizona  in  January  2000.  These 
facilities  consist  of  about  2,000  square  feet  of  office  area  and  about  1 ,500  square  feet  of  laboratory  and  shop 
area.  During  the  month  of  January,  office  furniture  and  equipment  was  purchased  and  equipment  and  supplies 
■were  moved  from  storage  to  set  up  a  complete  machine  shop,  electronics  shop  and  optics  shop,  including  two 
darkrooms  for  optical  systems  development. 

Development  of  two  different  instruments  is  proceeding  under  the  present  US  Anny/NMTB  grant,  the  Fundus 
Autoimager™  (FAI)  and  the  VisPath  Analyzer™  (VP A).  Progress  on  these  two  instruments  will  be  described 
separately. 


Fundus  Autoimager™ 

Background:  The  FAI  is  an  instrument  that  automates  the  process  of  obtaining  digital  images  of  the  ocular 
fundus.  Existing  “fundus  cameras”  are  extremely  difficult  to  operate,  require  highly  skilled  operators,  and  the 
entire  process  is  time-consuming,  primarily  because  the  operator  must  align  the  instrument  precisely  with 
respect  to  the  patient’s  eye,  in  three  dimensions,  refine  the  alignment  to  avoid  interference  from  light  reflected 
from  the  cornea,  position  a  target  for  the  patient  to  look  at  so  that  the  desired  portion  of  the  fundus  is  imaged, 
and  then  focus  the  fundus  image.  During  these  processes,  the  patient  often  moves,  requiring  a  repetition  of  the 
process.  The  FAI  automates  all  the  alignment,  target  positioning,  and  focus  functions,  compensating  for  any 
patient  movement.  As  a  result,  any  relatively  unskilled  operator  can  learn  to  obtain  excellent  images  after  only  a 
few  minutes  of  training. 

Progress:'  At  the  time  the  proposal  for  this  grant  was  written,  a  working  prototype  of  the  FAI  was  able  to 
perform  automatic  alignment  but  neither  target  positioning  nor  focusing  was  automated.  During  the  process  of 
implementing  these  functions,  it  became  clear  that  the  basic  design  of  the  instrument  was  sub-optimal  and  we 
therefore  developed  a  new  design  for  the  FAI  during  the  months  preceding  and  the  first  month  of  the  grant 
period  (January  2000).  During  February  through  April,  a  new  prototype  was  constructed,  as  shown  in  Figure  1, 


in  the  Appendices.  As  of  this  writing,  algorithms  for  automatic  alignment,  focus,  target  positioning  and  image 
registration  (for  color  imagery)  have  been  written  and  tested.  Currently  we  are  constructing  software  to  handle 
secondary  issues,  such  as  handling  of  blinks,  automatic  setting  of  certain  thresholds,  etc. 

Because  this  prototype  was  intended  only  as  a  test  bed  to  evaluate  our  new  methods  of  alignment  and  focus,  the 
lenses  and  video  camera  are  “off  the  shelf’  items  and  do  not  provide  optimal  image  quality. 

As  of  this  writing,  the  FAI  operates  as  designed.  The  operator  selects  a  target  location  or  set  of  locations  and 
performs  a  rough  alignment,  using  a  trackball  to  approximately  center  an  image  of  the  patient’s  pupil  on  the 
computer  screen.  The  alignment  system  then  automatically  precisely  centers  the  image  of  the  pupil,  finds  the 
optimal  positioning  of  the  illuminating  light  with  respect  to  the  pupil,  and  automatically  adjusts  this  position  if 
the  patient  moves.  The  image  of  the  fundus  is  then  automatically  focused  and  a  set  of  digitized  images  is 
collected.  All  of  the  alignment  and  focusing  operations  are  carried  out  under  infrared  illumination,  so  that  the 
patient  experiences  no  discomfort,  and  for  most  patients,  there  is  no  need  to  dilate  the  pupils  with  drugs. 

These  collected  images  consist  of  stereo  pairs  taken  either  under  infrared  illumination  (for  monochrome  images) 
or,  if  the  operator  has  so  chosen,  stereo  pairs  of  color  images.  (If  color  is  chosen,  a  brief  flash  of  visible  light  is 
delivered  for  each  member  of  the  stereo  pair). 

Work  is  now  beginning  on  an  improved  version  of  the  prototype  described  above,  one  that  is  intended  to  be  as 
close  as  possible  to  a  production  instrument.  The  new  instruments  will  be  used  for  beta  testing.  The  functioning 
of  the  beta  prototypes  will  differ  from  the  existing  one  in  two  respects.  First,  the  optics  that  form  the  fundus 
image  will  be  designed  for  optimal  resolution.  This  work  is  currently  being  carried  out  by  Optical  Research 
Associates,  Pasadena,  California,  an  optical  design  firm  Second,  the  present,  standard,  CCD  camera  will  be 
replaced  by  a  high  resolution  camera  (at  least  1024  x  1024  pixels,  yielding  4.4  micrometers  per  pixel  at  the 
fundus).  We  have  developed  specifications  for  the  camera,  and  vendor  selection  is  currently  under  way. 

Future  Tasks:  As  described  in  the  Conclusions  Section  of  this  report,  we  are  about  to  enter  into  a  strategic 
partnership  agreement  with  a  company  that  is  actively  marketing  a  unique  internet-facilitated  health  care 
delivery  system,  Digital  Disease  Detection  and  Tracking  (3DT)™.  In  particular,  they  intend  to  purchase  a 
significant  number  of  FAIs  over  a  five-year  term,  to  screen  diabetics  for  retinopathy,  using  a  protocol 
established  by  the  National  Institutes  of  Health  (NIH),  which  requires  the  examination  of  stereo  images  of  seven 
specified  regions  of  the  ocular  fundus.  We  have  therefore  included  in  the  design  of  the  FAI  the  capacity  to 
collect,  automatically,  stereo  images  of  each  of  those  regions.  Early  in  August,  we  plan  to  collect  such  sets  of 
images  from  a  group  of  100  patients,  either  at  the  VA  hospital  in  Prescott,  or  the  Indian  Health  Service  Hospital 
in  Phoenix.  These  images  will  be  collected  with  the  existing  FAI  prototype  to  validate  the  accuracy  of  the 
locations  of  the  seven  images  and  to  identify  any  limitations  of  the  instrument  that  might  call  for  modifications. 

Concurrently,  the  mechanical  and  electronic  design  required  for  a  production  version  of  the  FAI  will  be 
undertaken.  The  design,  and  the  building  of  five  beta  prototypes,  will  be  carried  out  under  a  contractual 
agreement  between  Visual  Pathways,  Inc.  and  Phoenix  Analysis  and  Design  Technologies,  Inc.  (PADT), 
Gilbert,  Arizona.  VPI  personnel  will  work  closely  with  PADT  throughout  this  process  of  instrument 
prototyping.  A  copy  of  the  PADT  Program  Evaluation  and  Review  Technique  chart  for  the  Fundus  Autoimager 
is  shown  in  Figure  2,  in  the  Appendices. 
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VisPath  Analyzer™ 


Background:  The  VisPath  Analyzer™  (VP A)  is  an  instrument  designed  to  automate  the  detection  and 
evaluation  of  a  wide  range  of  pathologies  that  affect  the  central  nervous  system  and  the  eye.  A  variety  of  targets 
are  presented  to  either  or  both  of  the  patient’s  eyes  and  the  resulting  eye  movements  and  pupil  responses  are 
recorded  and  analyzed. 

At  the  time  the  proposal  for  the  NMTB  grant  was  written,  five  prototypes  of  the  VPA  were  being  used  for 
various  research  projects  in  clinics  at  the  University  of  Iowa,  University  of  Indiana,  and  a  Neuro- 
Ophthalmology  clinic  in  New  Jersey,  in  addition  to  one  prototype  at  Visual  Pathways,  Inc.  These  prototypes 
have  had  one  significant  shortcoming,  which  was  described  in  the  NMTB  grant  proposal,  namely  that  the  lenses 
through  which  the  patient  viewed  the  targets  were  of  low  quality,  resulting  in  blurred,  colored,  and  distorted 
targets.  We  proposed  to  replace  these  lenses  with  ones  of  high  quality,  and  then  to  collect  extensive  data  on  a 
large  number  of  patients. 

Progress:  The  optical  design  firm  Optical  Research  Associates,  Pasadena,  California,  was  hired  to  design 
appropriate  lenses.  On  January  26, 2000  they  provided  us  with  the  design  shown  at  full  scale  in  Figure  3,  in  the 
Appendices.  We  then  contracted  with  Harold  Johnson  Laboratories,  Gardena,  California  to  fabricate  the  lenses. 
Five  pair  of  these  lenses  (two  per  instrument)  were  delivered  by  June  13, 2000.  Pairs  of  these  lenses  have  now 
been  mounted  in  two  prototypes  and  kits  to  retrofit  the  remaining  three  prototypes  have  been  constructed.  (The 
resulting  appearance  of  the  targets  is  now  excellent  and  distortion  is  less  than  1%  over  the  entire  field  of  view). 

In  consultation  with  Dr.  Randy  Kardon  at  the  Neuro-Ophthalmology  clinic  at  the  University  of  Iowa,  in  whose 
clinic  the  data  will  be  collected,  we  have  developed  a  protocol  for  a  series  of  tests  that,  based  upon  our  previous 
experience  with  the  instrument  and  our  knowledge  of  the  effects  of  various  pathologies,  is  our  current  best 
estimate  of  a  series  that  will  provide  optimal  detection  of  a  wide  variety  of  disorders.  The  details  of  the  series 
are  presented  in  Appendix  i.  The  software  to  perform  these  tests  is  now  complete  and  we  expect  the  software  for 
analysis  of  results  to  be  complete  by  July  1, 2000.  (All  of  these  tests  are  essentially  modifications  of  tests  that 
are  currently  implemented  on  VPA  prototypes).  A  photo  of  the  VisPath  Analyzer,  Figure  4,  is  found  in  the 
Appendices. 

Future  Tasks:  We  plan  to  begin  data  collection  during  the  last  week  in  July  2000.  Because  these  data  will  be 
the  first  extensive  clinical  data  collected  with  the  instrument,  we  will  analyze  them  at  the  end  of  each  week  and 
implement  any  modifications  to  the  tests  that  the  analyses  suggest. 


CONCLUSIONS 

Genera!  and  Personnel:  Company  facilities  are  now  in  place  and  fully  functional.  In  addition  to  the 
Company’s  President  and  Chief  Scientific  Officer  positions,  we  have  hired  an  Administrative  Assistant, 
currently  working  on  an  80%  basis  and  intend  to  bring  her  to  full  time  status  with  additional  funding.  We  have 
an  Electronics  Engineer  on  about  a  50%  basis  and  intend  to  increase  him  to  about  75%,  and  will  be  hiring  two 
assembly  Technicians  in  the  near  future.  We  have  hired  a  Software  Engineer  full  time,  to  begin  July  1  and  have 
another  Software  Engineer  consultant  working  on  a  75%  basis.  Our  additional  personnel  needs  include  an 
Accountant,  Mechanical  Engineer/Industrial  Designer  and  a  Director  of  Manufacturing  Engineerings e  also 
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will  require  the  services  of  a  Regulatory  Affairs  consultant  to  begin  preparation  of  documentation  related  to 
Food  and  Drug  Administration  5 10(k)  filing  on  the  FAI  and  VPA  products. 

Business  and  Financial:  The  Company  registered  with  the  US  Securities  and  Exchange  Commission  (SEC)  to 
raise  capital  through  the  sale  of  its  Common  stock,  under  a  Regulation  D  (506)  which  allows  for  raising  up  to 
$5  Million.  This  offering  is  restricted  to  accredited  investors  only.  Discussion  has  been  initiated  with  two 
investment  fund  managers.  Meanwhile,  five  private,  individual  investors  have  purchased  stock,  totaling 
$150,000. 

In  January  the  Company  entered  into  discussions  with  Inoveon  Corporation,  a  privately-held  company  based  in 
Oklahoma  City  that  has  developed,  and  is  marketing  proprietary  software  and  encryption  technology  in  its 
Digital  Disease  Detection  and  Tracking  (3DT)™  service.  They  presently  are  using  a  fundus  camera  by 
Zeiss  and  have  been  placing  systems  in  remote  Indian  Health  Service  hospitals  and  clinics,  as  well  as  in 
"Veteran’s  Administration  facilities  for  imaging  of  diabetic  patients  for  retinopathy.  The  images  they  collect  are 
transmitted  via  Internet  to  Vanderbilt  University  in  Nashville,  where  retina  expert  readers  interpret  the  images, 
make  the  diagnosis  and  treatment  recommendation,  and  transmit  their  findings  back  to  the  clinic,  whereby  a 
mobile  laser  system  can  deliver  the  photocoagulation  therapy  to  prevent  blindness.  They  have  a  marketing  plan 
for  imaging  and  treatment  of  age-related  macular  degeneration  (AMD),  the  leading  cause  of  blindness  in  people 
over  age  60.  There  now  are  photodynamic  therapies  in  late-stage  clinical  trials,  so  that  what  was  an  untreatable 
condition  only  a  year  ago,  can  now  be  treated  with  increasing  success.  As  with  diabetic  retinopathy,  the  earlier 
the  detection  and  treatment  intervention,  the  more  likely  it  is  that  the  treatment  will  be  effective. 

Enoveon  is  30%  owned  by  Wesley-Jessen  Vision  Care,  a  leading  supplier  of  specialty  contact  lenses  and  a 
publicly-traded  company  (NASDAQ  symbol:  WJCO).  Novartis,  the  large  Swiss  pharmaceuticals  firm,  through 
Its  wholly-owned  subsidiary,  Ciba  Vision,  recently  announced  it  will  acquire  Wesley-Jessen  for  $785  Million  in 
cash. 

Our  negotiations  with  Inoveon  have  resulted  in  agreement  on  basic  terms  and  formal  documents  are  now  in 
preparation  by  our  lawyers  at  Ryley,  Carlock  &  Applewhite  in  Phoenix.  Once  consummated,  this  agreement 
calls  for  Inoveon  to  provide  VPI  with  development  funding  of  approximately  $650,000  in  milestone  payments, 
and  five-year  sales  forecasts  and  minimum  purchase  commitments  of  one  model  of  the  FAI.  These  minimums, 
if  met,  will  result  in  approximately  $20  Million  in  revenues  to  VPI  over  the  five-year  period.  VPI  will  be  free  to 
market  its  own  model  of  the  FAI,  on  a  worldwide  basis. 


The  Company  believes  that  it  will  be  both  time  and  cost-effective  to  engage  the  services  of  a  professional 
engineering  firm  experienced  in  opto-electronics  and  in  instrument  prototyping,  to  assist  VPI  in  completion  of 
the  design  and  construction  of  the  Fundus  Autoimager  beta  prototypes.  In  this  way,  VPI  can  move  the  product, 
and  all  necessary  design  drawings  and  documentation,  more  rapidly  into  foil  productioa  VPI  has  received  a 
proposal  from  PADT  to  complete  the  development  and  production  of  five  beta  prototypes,  three  of  which  will 
be  provided  to  Inoveon  for  their  use  in  clinical  validation  in  diabetic  retinopathy  inulSlna. 

REFERENCES  _ _ _ 

Not  Applicable 
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APPENDICES 


Appendix  i 

INITIAL  VPA  TEST  SEQUENCE 

The  following  tests  will  be  performed  in  sequence,  with  a  pause  between  each,  during  which  the  patient  can  exit 
the  instrument. 

Instructions  to  the  patient  are  as  follows:  “Place  your  head  in  the  headrest  and  look  into  the  instrument,  where 
you  will  see  a  lighted  target.  The  target  may  move  or  flash.  If  the  target  moves,  follow  it  with  your  eyes”. 

1)  Swinging  Pulse.  Full  Field:  This  test  measures  pupil  responses  to  flashes  of  light,  evaluating  amplitude, 
latency,  constriction  velocity,  re-dilation  velocity,  and  Relative  Afferent  Pupillary  Defect  (RAPD). 

Disks  of  light  30  degrees  in  diameter  and  centered  on  the  fixation  point  are  flashed  alternately  to  the 
right  and  left  eyes.  The  flashes  are  of  0.2  second  duration  with  a  2.0  second  separation  between  flashes. 
The  alternation  is  repeated  until  each  eye  has  been  stimulated  four  times.  Horizontal  diameters  of  both 
pupils  are  recorded  60  times  per  second.  (Total  test  time  -  18  seconds). 

The  data  are  analyzed  as  follows: 

Mean  amplitudes,  latencies,  maximum  constriction  velocities  and  maximum  re-dilation  velocities  are 
computed  for  each  pupil  and  for  lights  delivered  to  each  eye,  as  are  the  differences  between  eyes  for 
each  of  those  measures. 

RAPD  is  computed  as  follows:  The  ratio  of  mean  amplitudes  of  response  for  flashes  to  the  left/right  eye 
is  computed.  Previously  collected  data  for  the  average  patient  show  an  approximately  linear  relationship 
between  response  amplitude  and  log  stimulus  intensity  over  the  range  of  interest.  From  this  relationship, 
the  ratio  of  stimulus  intensities  to  the  two  eyes  of  a  normal  subject  necessary  to  produce  the  new 
patient’s  ratio  of  amplitudes  is  found  and  presented  as  the  magnitude  of  the  RAPD  in  db  units. 

2)  Accelerating  Circle:  This  test  determines  the  presence  or  absence  of  capability  for  smooth  pursuit  eye 
movements,  and  the  target  speed  at  which  smooth  movement  breaks  down. 

A  small,  bright  “x”,  visible  to  only  one  eye,  moves  smoothly  in  a  circular  path  of  a  12  degree  diameter, 
starting  at  a  tow  speed  and  smoothly  accelerating.  The  horizontal  and  vertical  movements  of  both  eyes 
are  recorded  1000  times  per  second.  (Total  test  time  =  15  seconds). 

The  data  are  analyzed  as  follows: 

The  target  speed  at  which  smooth  following  breaks  down  into  saccadic  movements  is  determined  and 
displayed.  In  addition,  differences  between  the  positions  of  the  two  eyes  as  a  funettofi>pf  velocity  are 
measured  and  displayed,  indicating  phorias  or  tropias  during  pursuit  movement. 
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3)  Smooth  Spiral/Cover-Uncover:  This  test  measures  phorias  and  tropias,  and  evaluates  binocular 
coordination  over  a  full  field  of  view  45  degrees  in  diameter. 

A  small,  bright  “x”  is  initially  visible  to  both  eyes  at  optical  infinity.  After  three  seconds,  the  target  is 
extinguished  in  one  eye.  After  another  three  seconds,  the  target,  still  visible  to  only  one  eye,  begins  to 
move  smoothly  in  a  spiral  pattern  that  expands  until  it  covers  a  45  degree  field.  The  speed  of  movement 
is  selected  to  be  significantly  lower  than  the  smooth  pursuit  breakdown  speed  determined  in  the 
Accelerating  Circle  test.  The  target  is  then  centered  again  and  made  visible  to  both  eyes  for  three 
seconds  and  then  the  above  sequence  is  repeated  while  the  target  is  visible  only  to  the  other  eye.  Vertical 
and  horizontal  movements  of  both  eyes  are  recorded  1000  times  per  second.  (Total  test  time  for  both 
eyes  =  120  seconds). 

Data  are  analyzed  as  follows: 

If  a  saccadic  movement  follows  within  one  second  of  the  offset  of  the  target  to  either  eye  (after  the  three 
second  binocular  period),  then  the  amplitude  and  direction  of  the  saccadic  movement  are  reported  as  the 
amplitude  and  direction  of  the  tropia.  The  eye  to  which  the  target  was  being  presented  before  that 
saccade  is  reported  as  the  normally  non-fixating  eye. 

If  no  tropia  is  detected,  then  any  (smooth)  displacement  of  the  non-viewing  eye  that  occurs  during  the 
three-second  monocular  period  is  reported  as  the  amplitude  and  direction  of  a  phoria. 

Horizontal  and  vertical  components  of  the  differences  between  the  directions  of  gaze  of  the  two  eyes 
during  the  spiral  movement  are  displayed  as  a  function  of  the  location  of  the  target,  to  reveal  how 
imbalances  are  distributed  over  the  field  of  motion. 

4)  Saccadic  Clock/Screening  Perimetry:  This  test  evaluates  the  amplitudes,  velocities,  and  latencies  of 
saccadic  eye  movements  in  the  cardinal  directions,  and  also  detects  scotomas  in  regions  of  the  retina 
most  frequently  affected  by  glaucoma. 

The  test  is  carried  out  with  stimuli  delivered  to  one  eye  only,  the  other  being  in  darkness.  A  small  spot  of 
brightness  6  db  above  threshold  is  overlaid  on  a  background  at  3 1  Apostils  (a  standard  background 
brightness  for  perimetry).  Initially  the  spot  is  straight  ahead.  Eveiy  two  seconds,  the  spot  jumps  to  a  new 
location,  and  the  patient  is  asked  to  follow  it  if  it  moves.  Stimuli  are  delivered  in  locations  such  that  if 
the  eye  follows  it,  saccadic  movements  of  12  degree  amplitude  will  be  evoked  from  straight  ahead  to 
each  of  the  eight  cardinal  positions  (N,  E,  S,  W,  NE,  SE,  NW,  SW),  and  also  the  target  will  jump  to 
positions  where  accurate  scotomas  and  nasal  step  scotomas  frequently  appear  in  the  early  stages  of 
glaucoma.  The  sequence  of  target  positions  is  unpredictable  to  the  patient.  Horizontal  and  vertical 
components  of  the  positions  of  both  eyes  are  recorded  1000  times  per  second.  The  test  is  performed  on 
each  eye.  (Total  test  time  for  each  eye  =  60  seconds). 

Results  are  analyzed  as  follows: 

Horizontal  and  vertical  components,  latencies,  and  velocities  of  saccadic  movements  of  both  eyes  are 
measured  for  movements  to  each  of  the  cardinal  positions.  These  measures  are  also  comrJaJeri.  between 
the  two  eyes. 
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Regarding  perimetry  (scotoma  detection),  if  the  target  jumps  to  a  position  on  the  retina  where  there  is  no 
scotoma,  then,  after  a  latency  of  about  250  m.s.,  the  patient  will  make  a  single  saccadic  movement  that 
results  in  the  approximate  re-fixation  of  the  target.  However,  if  the  target  jumps  into  a  scotoma,  because 
the  patient  sees  the  target  disappear  but  not  reappear,  he  or  she  makes  a  saccadic  movement  in  a  random 
direction,  which  will  almost  always  bring  the  target  on  to  seeing  retina,  resulting  in  a  second  saccadic 
movement  to  the  target  position.  Thus,  the  perimetry  data  analysis  consists  of  mapping  those  positions 
on  the  retina  that  evoked  more  than  one  saccadic  movement.  (Saccadic  movements  one  degree  or 
smaller  are  ignored  in  the  analysis). 

5)  Convergence/Near  Reflex:  This  test  evaluates  convergence  eye  movements  and  the  near  pupil  reflex. 

The  target,  a  light  asterisk  on  a  dark  background,  appears  initially  visible  to  both  eyes  at  optical  infinity. 
It  then  appears  to  move  smoothly  toward  the  patient  until  it  appears  six  inches  away,  dwells  there  for 
one  second,  then  moves  smoothly  back  to  infinity.  This  sequence  is  repeated  twice.  Horizontal  and 
vertical  components  of  the  positions  of  both  eyes  are  recorded  1000  times  per  second,  and  the  horizontal 
diameters  of  both  pupils  are  recorded  60  times  per  second.  (Total  test  time  =  30  seconds). 

Results  are  analyzed  as  follows: 

The  smoothness  and  accuracy  of  the  evoked  vergence  movements  are  measured. 

Measured  horizontal  pupil  diameters  are  determined  jointly  by  actual  pupil  diameters  and  by  the 
foreshortening  effect  on  the  images  of  the  pupils  as  convergence  proceeds.  Therefore,  pupil  diameters 
are  corrected  for  the  foreshortening  effect  and  then  displayed  as  a  function  of  apparent  target  distance 
and  vergence  angle. 

PATENTS 

No  patents  have  been  issued  on  VPI’s  products  to  date.  Patents  are  in  preparation  for  both  the  Fundus 
Autoimager  and  the  VisPath  Analyzer.  The  Company  is  working  with  a  highly-regarded  intellectual  property 
firm  in  Phoenix,  Cahill,  Sutton  &  Thomas. 

PUBLICATION  OF  ABSTRACTS.  MANUSCRIPTS.  BROCHURES,  etc 

There  have  been  no  scientific  publications  by  Visual  Pathways,  Inc.  on  these  products  to  date.  No  product 
brochures  have  been  produced  to  date.  Materials  were  produced  for  an  exhibit  in  May  2000  at  the  American 
Telemedicine  Association  meeting  in  Phoenix.  The  exhibit,  sponsored  by  USAMRAA,  TATRC  and  NMTB, 
was  developed  and  attended  by  NMTB,  who  in  turn  invited  its  prospective  strategic  partner,  Inoveon 
Corporation.  Several  important  medical  contacts,  as  well  as  potential  business  contacts  were  made  during  this 
two-day  exhibit.  A  copy  of  the  Fundus  Autoimager  Features/Benefits  chart  from  the  ATA2000  exhibit  is  shown 
as  Figure  5.  Figure  6  is  copy  of  the  Visual  Pathways,  Inc./Inoveon  Corporation  Diabetic  Retinopathy 
ATA2000  chart.  A  copy  of  the  VisPath  Analyzer  chart  from  the  ATA2000  exhibit  is  shown  as  Figure  7. 

Publications  are  anticipated  for  the  FAI,  as  clinical  validation  of  the  beta  prototypes  is  completed,  in 
collaboration  with  Inoveon  Corporation.  Publications  on  the  VPA  are  anticipated  as  data  coltection  is 
completed,  in  collaboration  with  Dr.  Randy  Kardon  at  University  of  Iowa. 
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FIGURE  5 


Typical  Imaging  Sessions: 

Single  30°  Color  Stereo  Image:  Less  than  1  minute  per  eye 
Multiple  (e.g.,  DRS7)  Stereo  Images:  Less  than  2  minutes  per  e 
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FIGURE  6 


